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ABSTRACT 
Internal conversion coefficients were measured by ob­
serving with a well-type Nal(Tl) crystal the photon spectra 
emitted during the de-excitation from the first excited 
state to the ground state of Gd^^^, Dyl^O, Yb^^®, Yb^^l and 
PrlM following the respective beta decays of Eu^^^, Tb^^®, 
TmlfO, Tmlfl and Ce^^^, The results were obtained by 
analysis of either the singles spectra, or spectra obtained 
by coincidence-sum techniques, or both. For the coinci­
dence work gating was done either with high energy gamma 
rays or with beta particles. The spectra from the Yb iso­
topes were analyzed on a computer using a least-squares 
curve-fitting program. The photon detection efficiencies, 
necessary for the measurements * were calculated with a 
computer by performing numerical integrations. The follow­
ing K-shell internal conversion coefficients were measured 
directly for first excited state to ground state transi­
tions; 0,632 + 0,016, for Gdl54. + 0,05, for Ybl70j 
6,9 + 1.0, for Ybl71 and 0,375 + 0,009, for Prl^l. The 
total internal conversion coefficients were measured for 
the first excited state to ground state transitions in 
Gd^^^ and Dyl^O ana found to be 1,20 ± 0,02 and 4,52 + 
0,11, which yield respective K-shell internal conversion 
coefficients of 0,637 + 0,0l6 and 1,5^+ O.06 when multi-
vl 
piled by K to total ratios. The results for these 2^—>0* 
transitions In and and for this t-forbldden Ml 
l4l 
transition In Pr are In good agreement with theory. The 
ratio of the experimental result to the theoretical value 
Is 1.09 + 0.06 for this 2"^—SK)"*" transition In The 
result for this Ml + E2 transition in implies a 
mixing ratio of E2/M1 = 0.45 + 0.09, assuming the theoret­
ical internal conversion coefficients are correct. 
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I. INTRODUCTION 
A. The Internal Conversion Process 
A nucleus in an excited state normally proceeds to a 
lower energy state by emitting a gamma ray whose energy is 
equal to the transition energy or by an alternate process, 
internal conversion, in which the transition energy is 
given directly to one of the orbital electrons. This elec­
tron is then ejected from the atom with an energy equal to 
the transition energy minus the binding energy that the 
electron had in the atom. Internal conversion is not to be 
confused with a process, frequently designated as external 
conversion, in which an emitted gamma ray transfers its en­
ergy to an orbital electron by photoelectric interaction. 
There is a third mode of decay for excited nuclear 
states which occurs when the nuclear transition energy is 
greater than twice the electron rest mass, 2mo2 (i,02 MeV). 
In this process the de-excitation energy is shared by an 
electron-positron pair that is emitted by the nucleus. 
This decay mode will not be considered further here since 
the energies under discussion will be below the threshold 
energy, 1.02 MeV. Also, this process is normally quite 
weak compared to gamma-ray emission. 
Internal conversion may take place in any shell in the 
atom provided the nuclear transition energy is greater than 
electron binding energy in that shell. The internal con­
version coefficient (hereafter denoted by ICC for both sin­
gular and plural forms) in a given transition for shell i, 
a^, is defined to be the ratio of the rate of electrons 
ejected from shell i, Ng(l), to the rate of gamma rays 
emitted, N^, that is 
Ne(i) _, 
c K w h e r e  i  —  I C ,  ^ l '  ^ 1 1 '  ^ I I I '  ^ I '  • • •  •  ( 1 /  
Frequently the ICC for the subshells are grouped to­
gether to form an ICC for the whole shell, for.example 
= a? +  .  (2)  
L Lj ^11 
Then the total ICC is given by 
cy = c/jç + + ... . ( 3 ) 
These ICC can have any value greater than zero. 
Besides the dependence of ICC on the orbital shell in 
which conversion occurs there is also a strong dependence 
on the transition energy, k (in units of mc^); the atomic 
number, Z, of the emitting nucleus; the angular momentum 
change, L, of the nuclear transition field; and the parity 
change, ATT, between initial and final nuclear states. Con­
version coefficients always increase as k decreases with 
the rate of increase becoming relatively large at low ener­
gies, The pattern is not so regular with respect to the Z 
dependence of ICC, although ICC normally increase with Z. 
It is necessary to discuss the meaning of L and ATT before 
examining their influence on ICC: 
Consider a transition which occurs between two nuclear 
levels which have initial and final total nuclear angular 
momenta and parities J^, and rr^ respectively. The 
gamma ray or conversion electron emitted during the transi­
tion will carry away a nuclear angular momentum, L, accord­
ing to the selection rule 
AJ = IJ^ - Jfl < L< Ji + Jf (4) 
with a parity change of ATT = (rr^) (TT^) (i.e., An = +1 with 
+1 and -1 meaning no change and a change in parity, respec­
tively) . The electromagnetic transition field is said to be 
of a particular multipole: either electric 2^, EL, if the 
parity change is (-1)^; or magnetic 2^, ML, if the parity 
T 1 
change is (-1) " , The ICC for EL- and ML-transitions 
will be designated by a(SL) and o'(ML) respectively.^ <y(EL) 
and (y(ML) always increase as L increases, especially at low 
energies. Also, #(EL) and #(ML) for the same L will usual­
ly differ from each other considerably. For example in the 
K shell cy(EL) is ordinarily less than cv(ML) except for low 
Z nuclei, where they are about equal. Because of this 
strong dependence of ICC on L and ATT, comparison of measured 
^V/hen the electric or magnetic character of the multi-
pole field is not specified the E or M will be dropped. 
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and theoretical ICC frequently leads to a unique determina­
tion of the multipolarity of the transition, even with ex­
perimental errors in the ICC of ten or twenty per cent. 
Until a few years ago this was the major application of ICC 
measurements. Now, .however, It is hoped that aoourato 
measurements of certain ICC will reveal information about 
nuclear structure. This will be discussed more thoroughly 
in the next section. 
The measured ICC, o-, will in general be a mixture of 
ICC for multipole fields of pure angular momentum, L, that 
is 
e = T a, m(L) where % a? - 1 (5) 
L ^ L ^ 
where L is limited by Equation 4. The mixing parameters, 
aj^, are the relative intensities of gamma rays with angular 
momentum, L. The ICC, o'(L) , in this sum will alternately 
be from pure electric and pure magnetic multipole fields 
because of the parity selection rule. Also, it can be 
shown from the theory of multipole radiation that usually 
only the two terms with lowest angular momentum, L, con­
tribute. In other words, all a^ with L > AJ +2 are neg­
ligible. To illustrate this, consider a transition between 
levels with Ji = 2, Jf = 1 and no parity change. The 
multipole field will then be an Ml, E2 mixture (neglecting 
M3), and so.Equation 5 will become, in this case, 
Cl = a^#(Ki) + a^(y(E2) with + Sg = 1 . (6) 
The quantity a^/si is referred to as the mixing ratio, ô2, 
6 must be known in order to compare experiment with theory. 
It can be determined from angular correlation measurements 
or by using measured values for (often written as K/L) 
along with theoretical ICC in the equation 
P ov(Ml) - (K/L)eL(Ml) 
5^ = — • (?) 
(K/L)*L(S2) - a%(E2) 
This equation is obtained by writing down Equation 5 once 
for the L shell and once for the K shell. These equations 
can then be solved for the ratio ag/a^ since a^ and ag are 
the same in both equations. A similar equation holds with 
ICC ratios between other shells (or subshells), for instance 
Li/Lii instead of K/L. 
It is apparent that if Jj_ or is zero, L is uniquely 
determined and so the ICC is due to a single pure multipole 
field. For example = 2 and = 0 with no parity change 
gives a pure E2 transition with w = &(E2). For this case a' 
separate measurement of a^ Is not necessary in order to 
compare c with theory. 
For single particle model levels for spherical nuclei 
a selection rule for the multipole field also exists for 
the orbital angular momentum change, (in 
the single particle model f and J related by J = 4 + 
called "f-forbiddenness." However, since orbital momentum 
is not an exact constant of the motion this selection rule 
has only a retarding effect in contrast to Equation 4, 
which strictly forbids emission (1, p. 480). This selection 
rule states that for SL-transitions A<f. * L only and for 
ML-transitions At = L - 1 only (2, p. 334). Note that for 
an Ml-transition the initial and final states must have the 
same > value; otherwise, the transition is ^-forbidden. 
Other selection rules also exist for other nuclear 
models (3, 4), These selection rules are important with 
regard to internal conversion, since nuclear structure ef­
fects on ICC are emphasized for transitions in which the 
radiation field is retarded as will be explained in the 
next section. 
E. Remarks on.the Theory 
No attempt will be made here to derive equations for 
ICC or do calculations with existing equations, since either 
of these tasks is quite formidable. Instead, assumptions 
and models used in existing ICC tables along with new de­
velopments in the theory will be presented. 
Several approximate models were tried in the compu­
tation of ICC; for instance, non-relativlstlc electron 
dynamics and the Born approximation. However, the re­
stricted validity of the simpler models was indicated by 
more exact calculations, which were completely relatlvistic, 
but assumed a point nucleus and unscreened electrons. These 
calculations were initiated by a British group (5, 6) in 
the thirties and extended with the aid of electronic com­
puters by Rose and coworkers (7). From 19^7i until the 
present, essentially all calculations have been done using 
perturbation theory (first order to calculate the rate of 
gamma-ray emission, N^, and second order to calculate the 
rate of electron ejection, Ng) with electron wave functions 
obtained from the solution of the Dirac equation in a cen­
tral potential, V. Calculations done during the last sev­
eral years differ in the form of this potential, and in the 
subsequent approximations used along with the different 
forms. 
The latest theoretical tables are by Rose (3) and by 
Sliv and Band (9, 10, 11). Rose's values were first com­
puted for the K-shell for a point nucleus using a purely 
Coulomb potential for V (7). He later included screening 
effects which decrease the magnitude of ICC, particularly 
at low Z, by using a Thomas-Fermi-Dirac screened potential. 
These calculations were for the K- and L-shells (12). 
Rose, following Sliv and Band, finally included effects due 
to the finite nuclear size (which also reduces ICC values), 
along with screening, by assuming a nucleus of radius 
R = 1,20A^/^(10"^^) cm with a potential inside R due to a 
8 
uniform charge distribution, throughout the nuclear volume 
and the Thomas-Permi-Dirac screened potential outside H. 
Allowing the nucleus to have 3 finite size introduces 
.two effects. First, the singularity at the origin of the 
electron wave functions, which is present with a pure cou­
lomb potential, is removed. This is called the static 
effect because of its dependence only on charge density 
rather than current density. This static effect is essen­
tially independent of nuclear structure, that is ICC cal­
culated with the static effect included are relatively in­
sensitive to the particular nuclear charge distribution 
chosen in the finite nuclear volume. Secondly, there is a 
so called dynamic effect which depends on the nucléon 
transition current densities, For the point nucleus 
approximation the matrix elements in Ng and are of the 
same form and cancel when the ratio is taken to find the 
ICC. However, as Church and Meneser (13) pointed out with 
a finite nuclear size Ng contains additional matrix elements 
for electron ejection due to. the overlap of the electron 
wave functions and the nuclear volume. These terms contain 
and do not involve the radiation field so they no longer 
cancel. Thus, the ICC becomes dependent on nuclear struc­
ture. Although this dynamic effect is usually small, it 
can become large for particular transitions in which the 
gamma-ray matrix elements are retarded but the electron 
9 
matrix elements are not retarded. 
Rose's final tables (8) include only the static effect 
of finite nuclear size. In the introduction to the tables, 
however, he gives a description of how to estimate dynamic 
effects based on specific nuclear models. These tables 
contain K-shell and Lj- and Ljj-subshell ICC calculated with 
the inclusion of screening and (static) finite nuclear size 
effects; Ljjj-subshell ICC, which include screening but no 
finite size effects (since they are not expected to be im­
portant); and M-shell ICC for a point nucleus with no 
screening.. 
The use of the M-shell values is limited due to the 
effect of screening (the effect of finite nuclear size is 
not expected to be important here). Listengarten (l4) has 
observed in a survey of experimental ICC that thé contribu­
tion to conversion from the total M-shell is usually ap­
proximately 0.3 times the total L-shell ICC and that this 
value for the M-shell ICC is about ^  of Hose's calculated 
value. Chu and Perlman (15) have recently developed a more 
elaborate empirical screening correction to Rose' s M-
subshell ICC in which they replace the atomic number 2 by 
an effective value = Z - where = 7.0, 7.9, and 
10.0 for Mj(3s), Miijiii(3p), and M2y^y(3&) electrons re­
spectively in the calculations. They do this by plotting 
Rose's values as a function of Z and then making a dis­
10 
placement along the Z axis by ai to read the corrected 
value. They indicate that the corrected values agree well 
with experimental results over a wide range of multi-
polarities, atomic numbers and energies. 
Sliv and Band, who first showed the importance of fi­
nite nuclear size, have calculated tables for the K-shell 
(9) and L-shell (10) under nearly the same assumptions as 
those of Rose (3). Their latest revised tables appear in 
a book edited by Sliv (11), The major difference in Sliv 
and Band's tables and Hose' s tables is that Sliv and Band 
included dynamic effects by assuming a simple nuclear model 
for transition currents, that is, a uniform surface current 
density (they used, as Rose did, a uniform distribution of 
transition charge throughout the nucleus). Rose's and Sliv's 
values are negligibly different in most cases but differences 
of 9 percent in the K shell and 35 percent in the Lj subshell 
have been found for Ml-transitions in high 2 nuclei. Sliv 
and Band tried changing the nuclear radius and also con­
sidered uniformly distributed nuclear currents instead of 
surface currents and observed little changes 'in the ICC 
which indicates, as previously stated, that the details of 
nuclear structure normally have a small effect on ICC. 
When nuclear structure effects are weak, the errors in 
the theoretical ICC (of both Sliv and Band, and Rose) are 
expected to be about 2 or 3 percent in the K-shell and about 
11 
5 percent in the L-shell; the L-shell being less accurate 
due to assumptions made about screening (l6). 
C. Methods of Measurement 
Several methods for experimentally determining ICC 
exist. In order to measure an ICC for a given transition, 
events which identify two of the following three quantities-
with respect to that transition must be utilized: the rate 
of ejection of conversion electrons, Ng (where Ng can refer 
to subshell, shell, or total electron ejection), the rate 
of emission of gamma rays, K^, or the total transition 
rate, NQ (i.e. the rate of ejection of electrons from all 
shells plus emission of gamma rays). 
The decays by internal conversion may be identified by 
observing the conversion electrons or the X-rays emitted 
during readjustment of the atomic electrons following in­
ternal conversion. A knowledge of the fluorescent yield, 
the probability of X-ray emission provided a hole exists 
in atomic shell, is needed to relate the rate of X-ray 
emission to Ng. 
Gamma-ray emission may be identified by observing the 
gamma rays themselves or by observing electrons ejected 
from a material placed near the source due to photoelectric 
interaction of the gamma rays, i.e. external conversion, in 
that material. The rate of photoelectron ejection is then 
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related to by a knowledge of the probability of photo­
electric Interaction and the probability of subsequent de­
tection of the photoelectron. 
The total transition rate may be identified by ob­
serving the rate of emission of particles which uniquely 
feed the transition. In coincidence work, where the spec­
trum from the transition of Interest is gated into a multi­
channel analyzer by another particle In coincidence with 
that transition, Nq is the rate at which the gate is opened. 
Usually the measurements are done by using a variable 
magnetic field spectrometer to detect either conversion 
electrons, beta particles, or both; or by using scintilla­
tion counters to observe either gamma rays, K X-rays (L 
X-rays are too low in energy to see, except possibly in the 
heavy elements), or both. However, the state of the art in 
solid state detectors is reaching the point where they are 
now becoming useful in these measurements. Frequently a 
combination of the above detectors is used but it is nearly 
always necessary to use the same experimental arrangement 
throughout the measurement in order to avoid changes in 
efficiencies and transmissions which enter into the equa­
tions for the ICC. 
With the basic procedures for ICC measurements ex­
plained it now becomes easier to describe specific methods 
used. For simple decay schemes the ratio of the area under 
13 
Internal conversion electrons to the beta continuum, which 
feeds the transition, or the ratio of the K X-ray emission 
to gamma-ray emission provide the most obvious methods of 
measurement. 
By gating (with a particle which uniquely populates a 
transition) the gamma-ray spectrum (from that transition) 
Into a multichannel analyzer and by also counting the num­
ber of gates, ICC measurements can be made for some decay 
schemes with errors on the order of one or two percent. 
This constitutes the coincidence-sum method originated by 
D. C. Lu^ which is an extension of a similar technique that 
he used (17) in which only summing (internally In the 
gamma-detector) was utilized. This method is rather 
limited in application, since in many decay schemes the 
gating requirements can not be satisfied. Further details 
are discussed in Sec. II as this Is the method used in the 
J ' . . 
present work. 
Another successful procedure is the internal-external 
conversion (lEC) method (18) In which the ratio of internal 
conversion electrons ejected to photoelectrons ejected by 
the gamma rays in an external converting material Is 
recorded. Accurate results can be obtained with this 
^No detailed explanation of this method has ever been 
published. 
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method but it is sensitive to a knowledge of the photo­
electric 'cross section, converter thickness and photo-
electron angular correlation so that a careful calibration 
with known ICC is usually involved. Also, an intense, yet 
thin, source is necessary. 
The final standard method used for accurate ICC meas­
urements involves the recording of electron-gamma or 
electron-electron coincidences between cascading transi­
tions with beta-ray spectrometers (19). The uncertainty in 
the effects of angular correlation (between coincident par­
ticles) on the measurements is frequently the major source 
of error in results from this method, but errors as small 
as three percent can be obtained in some cases. 
D. Agreement of Experiment and Theory. 
In many cases the agreement between the latest theo­
retical tables and experimental values is good. In fact, 
according to the feelings of the theorists, the only place 
where discrepancies should appear is in some hindered 
transitions where nuclear structure effects become impor­
tant and unless the retardation is large there may still 
be no significant differences. The anomalies found in 
hindered transitions tend to support this statement ( l6)., 
Due to the anomalies caused by nuclear penetration of the 
electrons, the importance of ICC measurements has now 
15 
switched from use as a tool for determining the multipolar-
Ity of transitions to use as a probe Into the nucleus to 
provide Information about nuclear structure. 
However, their use In this manner Is complicated by a 
considerable number of reported measurements In a general 
class of transitions, I.e. fast Z"*" —> O"*" (E2) transitions, 
which disagree with the theoretical values by up to 20 per­
cent. Since nuclear structure effects are expected to be 
negligible in these transitions, it is difficult to account 
for such discrepancies in terms of the present theory (20). 
Theoretically, the dynamic nuclear structure effects 
for enhanced E2 transitions are insignificant. For 
example, for low energy transitions with k s 0.2 and with 
Z 9ï 64, the penetration matrix elements were shown (20, 
21) to be weighted by factors of about 10-3. static ef­
fects due to the detailed nuclear charge distribution are 
also small. The Influence on ICC due to the large quad-
rupole moment of a deformed nuclide through the perturba­
tion on the initial K-shell electron wave function was • 
estimated to be only about one percent (20). 
Attempts have been made, though, to correlate these 
discrepancies with collective nuclear properties. It was 
observed by Subba Rao (22) that for the 2"*' —> O"*" ground 
state transitions of many even-even deformed nuclides, the 
experimental K-shell E2 conversion coefficients appeared to 
16 
be generally higher than the theoretical value (8, 9). 
More recently, it was reported by Bernstein (23) that for 
such 2'*' —> O"*" transitions, a correlation could be estab­
lished between N/Z, the neutron number to proton number 
ratio, and »(exp)/n(th), the ratio of the experimental 
value to the theoretical value of the total E2 conversion 
coefficients. Bernstein's proposed correlation is repre­
sented by the slanted straight line in Pig. 1; its validity 
hinges rather crucially on the accuracy of the data per­
taining to Gd^^^, Dyl^O and Er^^^ at the low N/Z end of the 
graph where large deviations of w(exp)/e(th) from unity ap­
pear to exist. Further experimental evidences concerning 
the nuclear structure dependence of E2 ICC have recently 
been reported by Fossan and Herskind (24, 25). They found 
in twelve examples of rotational 2'*' —> O"*" transitions in­
vestigated that the #(exp)'s are generally higher than the 
e(th)'s. In particular, the m(exp)/#(th) for Gd^^^, Dy^^®, 
and Erl64 were reported to be 1.21 + 0.15, 1.20 + 0.08, and 
1.22 + 0.09, respectively, which tends to confirm 
Bernstein's proposed correlation. 
It is likely that some of the above reported discrep­
ancies are due to systematic errors in the measurements. 
For instance, it has been noted (l6) that there is a cor­
relation between e(exp)/&(th) and the method of measurement 
used; with the ratio of K-electron area to beta-spectrum 
H 
Fig. 1. Ratio of the experimental total conversion coefficients to the theoretical 
values plotted as a function of N/Z, the neutron-to-proton ratio (from 
Bernstein, 23) 
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area frequently yielding values slightly below unity, the 
ratio of K X-rays to gamma rays frequently yielding values 
10 to 20 percent above unity, and the lEC method frequently 
yielding values up to 20 percent below unity. Also, sever­
al more recent measurements (26, 27, 28)1 have tended to be 
in agreement with theory. < 
Thus, it appears that it is necessary to put new de­
mands on the accuracy and care with which ICC measurements 
are done if quantitative information is to be learned about 
the nucleus from such measurements. Accurate measurements 
ar'e needed where nuclear penetration effects arise in order 
to test different nuclear models. And, if these tests are 
to be fruitful, it is also necessary to resolve the anom­
alies which exist in the E2 transitions so that trust can 
be established in the basic parts of the theory. 
The major purpose of this work has been to measure 
accurately some of these transitions in an attempt to de­
termine whether the reported discrepancies are due to the 
theory or due to experimental errors. 
Ipart of the measurements done in (26) are reported in 
more detail here. 
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II. MEASUREMENT BY PHOTON SPECTRUM ANALYSIS 
A. Basic Photon Method 
If an isotope has only one excited state (and is not 
fed by electron capture), it is possible to measure the K-
shell (and possibly L-shell in high Z isotopes) ICC for the 
transition between this state and the ground state by sim­
ply observing the photon spectrum emitted by the isotope 
with a scintillation spectrometerl, i.e. scintillation 
crystal, photomultiplier tube, preamplifier, amplifier, and 
multichannel analyzer. Essentially two different photon 
energy groups will be emitted (and recorded in the multi­
channel analyzer): gamma rays with an energy equal to the 
transition energy or, following internal conversion. X-rays 
with an energy equal to the binding energy, which the con­
verted electron had in the atom, minus the binding energy 
of the electron which made a transition from an outer shell 
to fill the hole left by the converted electron. Actually 
the X-rays have a range of energies since internal conver­
sion occurs in several different shells and since the sub­
sequent hole left can be filled by electrons from any outer 
shell except for electronic transitions which violate atom-
^It is assumed that the conversion electrons and any 
alpha or beta particles emitted by the isotope are not 
allowed to reach the scintillation crystal. 
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ic selection rules. However, for a particular isotope the 
K X-rays emitted, following conversion in the K-shell, all 
have about the same energy; similarly for X-rays emitted 
following conversion in the higher shells. 
Thus, the multichannel analyser, which records the 
number of photons detected (with an energy between E and 
E + AE; AE is the channel width) as a function of the 
energy, E, lost by the photon in the crystal! (channel num­
ber is proportional to energy) will present a photon energy 
spectrum containing a number of peaks. These peaks will 
occur for each of the X-ray groups (usually only the K 
X-ray group has enough energy to observe, see page 23) and 
for the gamma ray at channels proportional to their respec­
tive energies^. 
In order to derive the probability equations for the 
number of counts which will be recorded in the various 
peaks in the analyzer over a period of time, let be the 
total number of transitions (for which the ICC is to be 
measured) occurring in the source during a specific time. 
^Low energy photons (with energies less than, say, 300 
keV, and to which the present discussion is limited) inter­
acting with the crystal usually transfer all of their 
energy to the crystal, 
^Statistical fluctuations (arising in the scintilla­
tion crystal and photomultiplier tube) in the electronic 
pulse amplitudes produce a broadening of the peaks Into 
Gaussian distributions. 
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Let Njç and Ny be the number of counts, which will be re­
corded in that time under the respective K X-ray and gamma-
ray peaks in the analyzer. Also, it can be seen that 
l/d+cK) is the probability that a gamma ray will be emitted 
during a transition and that is the probability 
that a K-conversion electron will be ejected during a 
transition. Let be the K-shell fluorescent yield, i.e. 
the probability that a K X-ray will be emitted provided a 
hole is present in the K shell (the process in competition 
with X-ray emission is the Auger effect in which the elec­
tron transition energy is transferred directly to another 
orbital electron). Finally, let cjç and be the detection 
efficiencies for the K X-rays and gamma rays respectively, 
i.e. e(E) is the probability that a photon of energy E 
emitted by the radioactive source will lose some energy in 
the scintillation crystal, or the probability that it will 
produce a count in the peak for that photon in the multi­
channel analyzer^. 
Keeping the above definitions and probabilities in 
mind it is apparent that the number of counts (recorded 
over a period of time) in the K X-ray peak will be given by 
the equation 
^The peak as defined here for a photon is to be inter­
preted to include all counts recorded: in the analyzer from 
the detection of that photon. 
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NK = Not!5VK (8) 
and that the number of counts in the gamma-ray peak will be 
given by the equation 
Ny = No ' (9) 
Now taking the ratio of these two equations leads to the 
equation 
By Nj^ 
from which the K-shell ICC can be obtained, since all terms 
on the right hand side of the equation can be determined 
(similar equations can also be developed for ICC for the 
other shells). 
The fluorescent yields for the K-shell have been meas­
ured for many different elements and the results fit with a 
semi-empirical formula, as an increasing function of Z (29, 
30), and have an error of about one-half percent for heavy 
elements. L-shell fluorescent yields are not as well known 
but several recent measurements do exist (31, 32, 33). 
and cjç can be calculated with an electronic com­
puter. This calculation is discussed in Appendix A, 
Notice that for this method of measurement only e^/e^ is 
needed so that the solid angle, which is subtended from the 
source to the detector and which may not be known accurate­
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ly, cancels out. 
With scintillation counters the intensities of photons 
with energies below about 15 keV cannot be measured accu­
rately due to photomUltiplier tube noise and photon-absorp­
tion by intervening materials between the source and scin­
tillation crystal, which is quite high at these low ener­
gies. By examination of electron binding energy tables 
(29) it is seen that this low energy limit reduces the use 
of this method to transitions Involving K X-rays (or L 
X-rays), following conversion in the K-shell (or L-shell), 
in isotopes with atomic number greater than about 37 (or 
89) since the energy of the subsequent K X-rays (or L 
X-rays) emitted in other cases are so low that their in­
tensities cannot be observed accurately. Also, it is to 
be remembered that conversion in any particular shell 
occurs only when the transition energy is greater than the 
electron binding energy in that shell. 
At high transition energies the method becomes im­
practical because the ICC are normally quite small for such 
transitions and it is difficult to separate the weak X-ray 
peak from the Compton tail of the high energy gamma ray. 
Also, at transition energies only slightly greater than the 
conversion electron binding energy, this type of measure­
ment becomes difficult due to the overlap of the gamma-ray 
and X-ray peaks in such cases. 
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By the basic method, so far described, it is not pos­
sible to determine the total transition rate, NQ. However, 
it is seen that if it were possible, the total ICC, e, 
could be obtained directly from Equation 9. 
B. Coincidence-Sum Method 
There are two reasons for applying coincidence tech­
niques to the above basic method. First, if photons from 
other transitions in the decay scheme or from contamina­
tions in the source which cannot be eliminated, interfere 
with the measurement by the basic method it may be possible 
to discriminate them out of the spectrum by the,use of 
coincidence techniques. Second, if it is possible to gate 
on the transition of interest uniquely, the total transi­
tion rate, NQ, can be determined which in turn allows the 
total ICC to be measured with an error in some cases as 
small as one or two percent (this reason, when applicable, 
is more important in the consideration). 
Consider the placement of a second particle detector 
near the source with the electronics associated with this 
detector adjusted to trigger an output pulse when a par­
ticle, emitted in coincidence with only the transition of 
interest, is detected. This pulse may then be used to 
allow the analyzer to accept and record the photon spectrum 
from the transition. All photons emitted by the source 
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which result from other transitions will be eliminated in 
this manner from the spectrum recorded in the analyzer^ and 
the observed rate of transitions of Interest, NQ, will be 
the rate at which the analyzer gate is opened. 
The equations for and developed above still hold, 
except that NQ now represents the observed, instead of 
total, transition rate, since only a fraction of the total 
number of transitions of interest emitted by the isotope 
have been studied (i.e. that fraction in which a particle 
in coincidence with the transition was detected). Thus, it 
Is now possible to measure both and of. The error In a 
will generally be smaller than the error in since in 
order to measure « only the area under the gamma-ray peak, 
Ny, needs to be resolved in the gated photon spectrum and 
does not need to be known. 
For measurements of this type it is desirable to use a 
well-type scintillation crystal in order to obtain an effi­
ciency, Cy, of nearly unity, known to relatively high accu­
racy. Placing the source in a large well-type crystal with 
a thin well lining also reduces the Compton tall below the 
gamma-ray photopeak which makes the data analysis simpler. 
1 
This Is not always true. For Instance In gating with 
beta particles, bremsstrahlung may also be detected in the 
spectrum. Problems of this type are discussed In later 
sections. 
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If the well diameter is small, it also eliminates any ef­
fects on the measurement of the angular correlation between 
the gating particle and the gamma ray (from the transition 
of interest), since the gamma-ray detection efficiency is 
then about the same in nearly all directions. 
Note that if the photon spectrum is gated into a 
multichannel analyzer then is not equal to the rate at 
which pulses arrive at the multichannel analyzer gate due 
to the large dead time of the analyzer. Thus, some atten­
tion must be given to accurately determining N^, In this 
work the dead time problems have been eliminated by use of 
an external (to the Nal(Tl) crystal) summing technique in 
which the gating pulses are not only sent to the analyzer 
gate but also to a mixing circuit. In the mixing circuit 
the gating pulses act as a pedestal to which the spectrum 
pulses from the well-type crystal are added. A spike, 
i.e. a pedestal peak, is then produced in a channel corre­
sponding to zero energy for the rest of the spectrum (which 
is summed with the pedestal into the higher channels). NQ 
is then given by the total number of counts under the spec­
trum, including the pedestal peak. Besides eliminating the 
dead time problems, this external summing technique assures 
the detection of pulses from small energy losses in the 
crystal which might have been otherwise lost due to a low-
energy threshold in the analyzer. 
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Any type of particle (alpha, beta, or gamma or possibly 
an X-ray from electron capture, see below), which is emit­
ted within about 10"^ seconds or less of the transition of 
interest, can be used for gating purposes provided gating 
with it eliminates all other photons, (except those from 
this transition) from the gated spectrum. Even this re­
striction can be relaxed if internal summing in the Nal(Tl) 
crystal is utilized. 
Internal summing occurs when two (or more) particles 
interact with the crystal at the same time, i.e. within a 
time considerably less than the decay (time) constant for 
the scintillations in the crystal (the decay constant for 
Nal(Tl) is 0.25 microseconds). Then the scintillations 
produced by the two particles add to produce a single out­
put pulse whose amplitude is proportional to the sum of the 
energy lost in the crystal by the two particles. Internal 
summing can either be "accidental", when it is only a mat­
ter of chance that the two particles were absorbed within 
such a short time; or "true", when the emission of the two 
particles is always within such a short time, for instance, 
particles emitted from coincident transitions in the 
source. 
Accidental summing nearly always produces an unwanted 
distortion in the data. However, it can be shown that the 
rate of accidental summing is proportional to the square of 
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the number of particles detected per second, i.e. to the 
square of the source strength. Thus, its effect can be 
made small by using weak sources since the rate of detecting 
real events is proportional to the source strength. Also 
the effects of accidental summing on the true spectrum usu­
ally can be estimated by examining the channels above the 
true peaks. 
True internal summing (the "true" will usually be 
omitted) is important in the present work, since it produces 
additional peaks in the spectrum. For instance, if a crys­
tal observes the radiation from two coincident transitions 
but only one particle is detected for some reason, then the 
event will be recorded in a single (unsummed) peak. How­
ever, if two particles from the two coincident transitions 
are both detected the event will fall in a sum peak^. Then 
by writing down the probability equations for the various 
peaks it may be possible to determine ICC for one or both 
of the transitions^. Further details are discussed below. 
^The half life between the decay of the two transi­
tions must be much less than the scintillation decay time 
in the crystal in order to avoid distortions due to only 
partial summing. 
^It is apparent that the probability of summing is 
proportional to the probabilities of detecting each of the 
particles from the coincident transitions. Thus, the im­
portance of a well-type crystal is again seen; since its 
use increases the particle detection efficiencies which in 
turn emphasizes summing. 
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The rest of this section will be devoted to the dis­
cussion of the application of this method to specific types 
of decay schemes. For this discussion it will be assumed 
that the transition energy is large enough so that K con­
version can occur and also that the L X-ray energy is so 
small that the L X-ray peak cannot be resolved. In high Z 
isotopes, where the L X-ray energy is significantly large, 
one might also attempt to resolve the L X-ray peak in order 
to measure In the following figures the photon peaks 
will be shown as Gaussian peaks for the purpose of illus­
tration, although in practice the spectrum is more com-
pllcated^, 
1. No internal summing 
a. Uniquely gate with », 8., or v. If an isotope 
has a decay scheme like that in Pig. 2, in which a single 
transition is fed by any combination of the three particles 
Iwhen attempting a measurement of a correction 
should be made for counts in the L X-ray peak due to K con­
version followed by the Auger effect followed by the emis­
sion and detection of an L X-ray, 
^Even under the assumption of Gaussian responses to 
monoenergetic photons the K X-ray peak should be a super­
position of Gaussian peaks for the X-rays and Kg X-rays, 
K(y X-ray emission can also be followed by L X-ray emis­
sion, but because of internal summing this event will usu­
ally fall under the Kg X-ray peak (or K* X-ray peak if the 










PROBABILITY EQUATIONS FOR PEAK INTENSITIES 
let (y, = detection efficiencies for y and K X-ray 
a, Ofj^ = total and K-shell ICC for 7 
= K-shell fluorescent yield 
N., = N 
O 1+a 
where N^ = Np + Njç + N, 
SOLUTION TO EQUATIONS 




= =53%: TRT 
(1) 
(2) 
2. Uniquely gate on alpha-, beta-, or gamma-ray; no 
internal summing 
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shown, it may be possible to apply the coincidence-sum 
method. If one can (1) gate with either Bq» ^o» **0» 
( 2) sum the gating pulses with the spectrum pulses as dis­
cussed above, and (3) use an absorber to prevent the in­
ternal conversion electrons from reaching either detectorl; 
then the coincidence-sum spectrum recorded in the multi­
channel analyzer will exhibit three peaks; a pedestal 
peak, Fed; a K X-ray peak, K; and a gamma-ray peak, Y. 
These peaks will have the following pulse amplitudes: 
Fed; pedestal (pulse) + L X-ray (or no radiation)% 
K: pedestal + K X-ray 
v: pedestal + gamma ray . 
Let the number of counts recorded over a period of time in 
these respective peaks be Np, Njç, and N^. Then the number 
of transitions observed (in that time), N^, will be 
Np + Njç + Ny, i.e. the total area in the spectrum. The 
number of counts in the pedestal peak will be equal to NQ 
times the probability of not detecting the gamma ray or the 
K X-ray, 1 - e^/d+or) - *KWgc%/(l+e); as Is shown in Pig. 
The probability equations for Njç and have the same 
form as that developed on page 22, It is then seen from 
^The effects of detecting the conversion electrons in 
the gate detector Is discussed on page 33. 
and other outer shell X-rays will be neglected. 
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the solution of these equations at the bottom of Fig. 2 
that both (Yg aiid a can be measured by this technique. 
The most straight forward application of this tech­
nique involves gating with a high energy gamma ray, v^. 
However, VQ should be the highest energy gamma ray present; 
otherwise the Compton tails from higher*" energies interfere 
with the gating. If is fed by alpha decay or beta decay 
these particles, alpha or beta, must be absorbed so that 
they do not reach the well-type crystal^. The particular 
case where VQ is in cascade with other gamma rays or is 
preceded by electron capture is treated below. A scintil­
lation crystal placed above the well-type crystal is nor­
mally satisfactory for detecting if its energy is 
large^, since then its transmission through the well-type 
crystal will be large (e.g. the half-thickness of Nal for 
^V/hen VQ is fed by beta decay it is impossible to 
prevent a certain amount of bremsstrahlung from being 
detected. Even when the beta particle is used for gating, 
the presence of the bremsstrahlung is apparent in the gated 
photon spectrum. Corrections for this effect are discussed 
in Sec, III. 
^It is possible that may scatter in the well-type 
crystal and then be absorbed in the gate detector. If, 
during the scattering, a large amount of energy is trans­
ferred to the well-type crystal, the event may be rejected 
because of an insufficient energy, deposited in the gate 
detector, to trigger the single channel analyzer. If the 
gating pulse Is triggered anyway, then some distortion of 
the gated spectrum will be produced. In the present work 
this distortion was quite small. 
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a 1-MeV gamma ray is about 1.5 inches). However, in order 
to get a sufficient counting rate while gating with beta or 
alpha particles, it is desirable to place the gate detector 
down in the well. 
In the present work, when gating on beta particles was 
involved, the source was placed between two anthracene crys­
tals, 1/4 in. (diam.) x 1/8 in. (ht.), and then located in 
the bottom of the well with a photoraultiplier tube at the 
top of the well (it was found that no light pipe was neces­
sary if the well, 1/4 in. (diam.) x 1^ in. (ht.), was lined 
with (0.00025 in.) alurainized mylar). It should be noted 
that for this geometry if the internal conversion electrons 
are allowed to reach the gating detector, summing can occur 
between them and the beta particles. This can cause seri­
ous effects on the gated spectrum^ since this summing, 
which occurs only following internal conversion, shifts the 
beta spectrum in the gating detector by an amount equal to 
the internal conversion electron energy. Since this shift 
does not occur when the transition decays by gamma-ray 
emission, the window set across the gating-detector spec­
trum sees two different effective counting rates and thus 
the gated spectrum from the well-type crystal is biased. 
In factj it is necessary to ensure that the conver­
sion electrons do not affect in any way the triggering of 
the gate, no matter whether summing occurs or not. 
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Thus, It is usually necessary to place an absorber between 
the source and gate detector to stop the conversion elec­
trons, This limits the application of this technique of 
measurement to gating on beta particles for cases in which 
the beta particle end point energy la oonalderably greater 
than the conversion electron energy. 
The anthracene crystals and absorbers placed in the 
well not only stop beta particles, but also attenuate gamma 
rays. Therefore, account must be taken of these objects in 
the well when the photon efficiencies are calculated. This 
is discussed in Appendix A. Also Compton scattering of the 
gamma rays in the gating detector causes an effect similar 
to that discussed in the above paragraph. Although this 
rarely occurs thus producing a small bias, it must be con­
sidered when taking the data and in analyzing the data. 
The main limiting factor in gating on beta particles 
is that in most isotopes there is also a beta particle 
which feeds the ground state so that NQ cannot be deter­
mined, In these cases the technique is limited to only a 
measurement of 
In nearly all isotopes in which one might gate on 
alpha particles, the alpha-particle energy is about 5 MeV, 
the transition energy is about 50 keV (which is below the 
threshold for conversion in the K-shell), and there is 
also an alpha particle which feeds the ground state. Thus 
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if the technique is to work, high resolution solid state 
detectors would be required in order to make it possible to 
gate only on OTQ (see Pig. 2). The best resolution avail­
able to date for these detectors is about 15 keV, full 
width at half maximum, for a 5 MeV alpha particle, which 
may be sufficient for measurements of this type. Again, 
the effects on the measurement of summing between arid 
the conversion electrons must be considered. 
b. Gating with X-rays If a ground state transi­
tion is uniquely fed by electron capture (for illustration 
the discussion will be limited to K capture) as shown in 
Pig. 3, it is possible to gate on the K X-rays (from K cap­
ture and internal conversion), obtaining a gated spectrum 
from which the total and K-shell ICC can be determined using 
the equations at the bottom of that figure. The peaks will 
have the same pulse amplitudes as in Sec. a except that the 
K X-rays arise from either K capture or K conversion. 
Por this technique, the transition rate does not equal 
the area under the gated.spectrum (and so the rate cannot 
be observed directly), since X-rays from K conversion also 
open the gate. Thus, in the probability equations in Pig, 
3 Nq represents the total transition rate for the Isotope; 
(which cannot be observed directly either, but can be 
eliminated from the equation for determining or) whereas in 
the other figures In this section Nq represents only an 
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PEÇAY. (GATE ON K X-RAY GATED SPECTRUM 
FED K 
PROBABILITY EQUATIONS FOR PEAK INTENSITIES 
let iy, (jç m detection efficiencies for Y and K X-ray(in well-type xtal) ' 
C^, n detection efficiency for y and K X-ray in gate detector 
a, = total and K-shell ICC for y 
s K-ahell fluorescent yield 
y^ s K-shell to total electron capture ratio 
"k = 
Ny z N^(yK^fK>(ï^) 
where = total transition rate ^  Np + N^ + Ny 











observed fraction of the total transition rate, i.e. the 
gate detection rate. Then in the equations in Pig, 3, the 
probability of detecting the gating particle must also be 
included. 
Inside the square brackets in the equation for Npj 
and Cy, the detection efficiencies in the gate detector 
for the K X-ray and gamma ray, have been included in order 
to account for the fact that if two particles (two K X-rays 
or a K X-ray and a gamma ray) are detected in the gate 
detector, then the event will usually be thrown out since 
the single channel analyzer, used to trigger a gating 
pulse, will usually be. adjusted to trigger only for pulses 
with an amplitude corresponding to the detection of one K 
X-rayl. 
Consequently, this technique is not usually too accu­
rate for determining or, since, as can be seen from the 
equations in Pig. 3, a knowledge of the K-shell to total 
electron capture ratio, Vjç, is needed along with and 6%. 
However, if the transition energy is small and the gating 
detector is placed at the top of the well both and e% 
^This effect has been neglected in the equations in 
Pig. 2 (and also in Pigs. 4 and 5)t since in those cases 
the effect is usually quite small. The magnitude of the 
effect depends on such things as the energy of the gating 
particle-,- the width of the window In the single channel 
analyzer, and the size of and Cy. 
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would be small, and could be determined relatively accu­
rately since the gamma ray and K X-rays would be highly 
colllmated by the well. Then of does not depend strongly on 
Gy and and If a previous knowledge of Yg exists an 
application of this technique might be fruitful. There 
would also be some problem of uniquely gating on the K 
X-rays due to the tall from the gamma ray, although that 
tall would be small at these low energies. 
Finally, it should be noted that could be deter­
mined from the singles (non-gated) spectrum since internal 
summing would occur in the well-type crystal between the K 
X-rays from K capture and the photons from the ground state 
transition. Then 
where and refer to the areas of the respective 
sum peaks due to K X-ray plus K X-ray and K X-ray plus 
gamma ray. 
2. With internal summing 
a. Gate on ^  following capture This process is 
exemplified by Fig. k. It involves the same techniques as 
discussed above when gating on a high energy gamma ray 
preceded by alpha- or beta-decay except that now Yq is fed 










FED K K+K Y Y+K 
PROBABILITY EQUATIONS FOR PEAK INTENSITIES 
let (y, = detection efficiencies for Y and K X-ray 
= total and K-shell ICC for Y 
"jç = K-shell fluorescent yield 
= K-shell to total electron capture ratio 
then Np = N^[l--^-^][lJ 
% = NO{<^K"k^K>[i -^6 " -'^K^K^KI} 
%+K = Nq (yK"K^K)<°^^a 
Ny+K = N© ) {^K^K^K) 
where NQ = Np + Njç + Njç+K + Ny + Ny^K 
SOLUTION TO EQUATIONS 
(3) 
Pig, 4. Gate on gamma ray following K capture, with inter­
nal summing 
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coincidence with the transition of interest into the spec­
trum. Thus also (internal) summing of the scintillation 
responses will occur in the well-type crystal to produce 
the spectrum shown beside the decay scheme in Pig. 4. 
These peaks will have the following pulse amplitudes: 
Fed: pedestal + L X-ray (or no radiation) 
K: pedestal + K X-ray (from K capture or K con­
version) + L X-ray 
K+K: pedestal + K X-ray + K X-ray 
Y : pedestal + gamma ray + L X-ray 
v+K: pedestal + gamma ray + K X-ray (from K capture). 
The probability equations at the bottom of Pig. 4 show that 
if the proper peaks can be separated », v„, and a can be 
K K. 
measured by this method (v^ is the K to total electron cap­
ture ratio). If the gamma ray energy is about three times 
the K X-ray energy or somewhat greater high accuracies may 
be attained, particularly in the measurement of , 
b. Two coincident transitions gated ^  B or v 
This process, as exemplified by Pig, 5, falls under the 
same general techniques discussed above except that now two 
coincident transitions are gated into the analyzer so that 
summing produces peaks with the following pulse amplitudes: 
^The measurement of the total ICC for the 122-keV E2 










FED K K*K 
PROBABIUTY EQUATIONS FOR PEAK INTENSITIES 
let Cj, " detection efficiencies for and K X-ray 
®1' ^Kj' ®2' (XKg " total and K-sbell ICC for Vj and yj 
X K-shell fluorescent yield 
(y «K "K^K 
%= l+tti ' ^ • °yi • 
fy, "K "K*K 
\=i;5r' ^^2 = uot2 ' 2 
then Np = N,, T^^ T^^ ^^y^+K = ^ o 
NR = No [Dx^ Ty^ + DXg Ty^] Ny^ = N* Dy^ Ty^ 
NK+K = ^ o ^Kg Ny2+K = No Dyg 
Ny^ = Ng Dy^ Tyg Ny^+y^ = ^yg °yj 
where N^ = Np+Nr + N^+k + Ny^ + Ny^+K + ^ y^ + ^y^+K + '^'yg+yi 
SOLUTION TO EQUATIONS 
1+«1 No "K^'-'K^K ^yg+K &+K 
®yi ^yj+^yj+K+Ny^+yj ' fy^ ^^y^^ ^y^+K 
l+«2 N„ «K2"KfK \+K Ny^+yj Ny 
: fv- "iC~= NT 
^>2 ' *^2 *>2+>'l '>2 
(4) 
Pig. 5. Two coincident transitions gated by alpha-, beta-
or gamma-ray; with internal summing 
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Ped: pedestal + L X-ray (or no radiation) 
K: pedestal + K X-ray (from K conv. of Y, or Yg) + L 
X-ray 
: pedestal + gamma ray (Y.) + L X-ray 
1 1 
YJ^+K: pedestal + gamma ray (Y^) + K X-ray (from K 
conv. of Yg) 
y pedestal + gamma ray (Y«) + L X-ray 
• 2 d 
Yg+K: pedestal + gamma ray (y^) + K X-ray (from K 
conv. of Y^) 
Yg+Y^: pedestal + gamma ray (Yg) + gamma ray (Y^) 
The total ICC and K-shell ICC for both transitions can 
be determined by this technique (see Pig. 5) If the proper 
peaks can be resolved. 
Using the same Ideas as above this technique can be 
extrapolated to more complicated cases, for Instance, K 
capture and two coincident transitions gated by a high 
energy gamma ray. 
3. Triple coincidence method 
In many Isotopes It Is not possible to find a single 
particle which can be used to uniquely gate on the transi­
tion of Interest; however, In some of these Isotopes the 
gating requirements can be satisfied If a coincidence is 
required between two particles in cascade which feed the 
transition that is to be gated into the analyzer. 
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As a final note it is interesting to consider the 
application of the above coincidence-sum method to meas­
urements in which the conversion electron spectrum from a 
solid state detector is gated into the analyzer instead of 
the photon spectrum. Conceivably, accurate results might 
be obtained for », and or^ in this manner, 
4, Advantages and disadvantages 
The most important feature is the high accuracy with 
which the total ICC can be obtained when the method is 
applicable—errors as small as one percent have been 
attained. Other advantages are; the simplicity of the 
experimental setup—very few electronics are needed besides 
a multichannel analyzer; very weak sources may be used so 
that internal absorption in the source is quite small—a 
source strength on the order of one-tenth microcurle is 
usually sufficient; and corrections to the data such as an­
gular correlation effects and dead time effects are not 
necessary. 
The major disadvantage is the limited applicability of 
the method. The requirements, described above, which the 
decay schemes must meet to apply the method are really 
quite rigid. However, it should be noted that an appli­
cation of the method may be attempted even when an accurate 
knowledge of the decay scheme is not known since any extra­
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neous radiation will usually produce noticeable distortions 
In the spectrum, which may or may not limit the accuracy of 
the measurement. If K-shell (or L-shell) ICC are to be 
determined by the method the fluorescent yield must be known 
which Introduces some error In the measurement and also both 
the K X-ray peak and gamma-ray peak must be resolved from 
the spectrum, A more accurate method of determination of 
the K-shell ICC Is usually obtained by taking the product 
of the total ICC measured here with the K to total ratio 
measured with a bèta-ray spectrometer. 
If high accuracy is to be attained in these measure­
ments many small effects must be worried about during the 
analysis of the data such as: Iodine K X-ray escape peaks, 
fill in below the photopeak due to Compton scattering and 
surface effects in the interaction of the photons with the 
Nal(Tl) (see page 110), contamination due to other Isotopes 
and other transitions, accidental summing, biases caused by 
detection of the internal conversion electrons, brems-
strahlung background produced during beta-particle absorp­
tion, and the excitation of K X-rays and L X-rays by 
internal absorption of particles emitted by the source^. 
^Thls effect should be small since usually the source 
strengths are on the order of 0,05 mlorocurle so that usu­
ally less than a microgram of the source material is 
present. 
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III. EXPERIMENTAL INVESTIGATION 
A. Measurement of the Total and K-Shell Internal 
Conversion Coefficients for the Ground State 
Rotational E2 Transitions in Gdl54 and 
1, General procedure 
These measurements were done with the coincidence tech­
nique, with no internal summing, in which the low energy 
ground state transitions were uniquely gated with a high 
energy gamma ray (see Fig. 2). This gamma ray was fed by 
beta decay from Eu^^^ for the Gd^^^ measurement and by beta 
decay from Tb^^O for the Dyl^O measurement. The decay 
schemes for these Isotopes are shown in Pigs. 6 and 7. 
In order to prevent detection of the beta particles in 
the well-type crystal the sources were deposited on the 
center of a (0.00025 in.) aluminlzed mylar disk which was 
then sandwiched between two aluminum hemispheres with out­
side diameters of 0.l40 in. The wall thickness of the 
hemispheres was (0.028 + 0.002) in. Armstrong A4 epoxy was 
used to glue them together. Beta particles with an energy 
of 0.54 MeV have a range equivalent to this thickness of 
aluminum while the end point energy of the beta particles 
which feed the high energy gamma rays used for gating here 
are 0,58 MeV for Gd^^^ and 0.46 MeV for Dy^^®; 
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crystal well, 0.262 in. (dlam.) x 1.00 in. (ht.) with a 
0.015 in. thick aluminum well lining^ with 20 rag/cm^ ©f 
AI2O2 reflector also lining the well. The well-type crys­
tal had dimensions of 2,00 in. (diam.) x 2.00 in. (ht.). 
The crystal was mounted on a 3 in. Du Mont 6363 photo-
multiplier tube which had been specially selected for high 
energy resolution. 
For gating purposes a 1 3/4 in. (diam.) x 2 in, (ht.) 
Nal(Tl) crystal coupled to a 2 in, RCA 6342A photomultiplier 
tube was placed above the well-type crystal as is shown in 
the block diagram which includes the electronics used (see 
Pig. 8). The linear amplifier and single channel analyzer 
were used to set a state in the buffer when the high energy 
gamma ray was completely absorbed in the gating crystal. 
Then an output from the buffer was triggered by the fast, 
amplifier channel which eliminated the time jitter normally 
present in "standard" single channel analyzers. This out­
put then went to a one-shot multivibrator where a 2 micro­
second negative pulse for a pedestal and a 2 microsecond 
positive pulse to gate the multichannel analyzer were gen­
erated. The pulses from the well-type crystal were sent 
Prom the thickness of the well lining it is seen that 
the beta particles could have been prevented from reaching 
the well-type crystal with much thinner hemispheres; how­
ever, it was not known that the well lining was that thick 































Pig, 8. Block diagram of equipment used for Gd^^^ and measurements 
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to the Internal linear amplifier in the 256 channel analyz­
er, delayed, linearly added with the pedestal, and then 
sent to the ADC of the_analyzer. The scintillation crystal 
assemblies were placed in a lead house to reduce room back­
ground. 
The K X-ray and gamma-ray detection efficiencies for 
the well-type crystal were calculated with an electronic 
computer as discussed in Appendix A. Account was taken, 
during the calculations, of the well lining (and reflector) 
and the aluminum sphere in the well. 
2. Gd^^^ spectrum analysis 
By observation of the decay scheme of Eu^^^ in Pig. 6 
it is seen that the 1.28-MeV i3Q%) gamma ray which uniquely 
feeds the 123-keV transition, is relatively intense, and 
all higher energy, gamma rays present also uniquely feed 
this transition. Thus, the window in the single channel 
analyzer was set across the 1.28-MeV peak. The window was 
kept above the 1.006-MeV peak in order to avoid gating in 
the other gamma rays in coincidence with it. Summing of 
the 0.997-MeV gamma ray with the 0.724-MeV gamma ray in the 
gating crystal could open the gate causing erroneous re­
sults; however, the probability of this was quite small due 
to the geometry and the location of the window. 
Three identical sets of data were taken and analyzed 
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in the following manner. One of these sets of data accumu­
lated over a,period of 1009 minutes is shown in Pig. 9. To 
first order is the number of counts in channel 45 
through 97, that is 80,182 counts, and NQ is the number of 
counts in channels 1 through 97, 183,6o4 counts. These 
numbers should be corrected for room background, that is 
for counts recorded in an Identical experiment with the 
source taken away. This reduces by 42 counts and by 
5024 counts so that = 2.228 _+ 0.009 where this error 
shown is due to statistics only. 
In the gated spectrum in Fig. 9, several weak peaks 
are visible above the 123-keV photopeak. It is believed 
that these are made up of a continuous bremsstrahlung back­
ground due to beta particle absorption plus peaks due to a 
small amount of Eul52 contamination which was known to be 
present in the source. The peaks will be gated in 
by the 1.30-MeV (1.3^) gamma ray in the decay to Gdl52 and 
by the 1.21-MeV (2^), 1.26-MeV (3^), and (Compton tail of 
the) 1.4l-MeV (25^) gamma rays in the decay to Sm^^Z (gee 
Pig. 10). The 1.30-MeV gamma ray gates in a 344-keV 
transition; the 1.21-MeV gamma ray gates in summed peaks 
from K capture, a 245-keV transition, and a 122-keV transi­
tion; while the I.26- and 1.4l-MeV gamma rays gate in 
summed peaks from K capture and the 122-keV transition. By 
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theoretical values (or experimental when available) for the 
ICC, efficiencies, fluorescent yields, and K to total 
capture ratios in the probability equations developed in 
SeCi 11^ it is possible to see if the relative intensities 
satisfy the above theory and then to estimate their con­
tributions under the Gdl54 peaks. The relative intensities 
checked fairly well except that the peak at channel I83 
appeared too weak, possibly due to uncertainties in some of 
the parameters in the probability equations. 
Assuming these extraneous peaks are due to the Su^5~ 
processes described.above changes by - 0.34 + 0.17, 
+ 0.13 + 0.07, and + 0.05 + 0.03 percent when the contribu­
tions of these peaks; which are respectively due to gating 
with the 1.30-MeV, 1,21-MeV, and 1.26-MeV (and 1.4l-MeV) 
gamma rays; are taken out. 
Calculations indicated that the corrections for acci­
dental summing in the gated spectrum should decrease N^/Ny 
by less than 0.03 percent. 
An accurate correction for the bremsstrahlung back­
ground is somewhat complicated due to the summing of>the 
bremsstrahlung with each of the pedestal, K X-ray, and 
^The equations for K capture X-rays summed with 
photons from two transitions are not shown in Sec. II but 
are easily developed using the same ideas as used in Sec. 
II. 
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gamma-ray peaks and due to an Inaccurate knowledge of Its 
magnitude and size, . A correction was made simply by sub­
tracting 34 counts per channel from the entire spectrum. 
This increased N^/Ny by 0.44 + 0.50 percent. 
Applying all of these corrections to N^/Ny and adding 
the errors by taking the square root of the sum of their 
squares, since the corrections are independent of each 
other, yielded N^/Ny = 2.234+0.015. Then combining this 
with €y = 0.987 + 0.003 (from Appendix A) and using Equation 
1 in Pig. 2 gave a = 1.205 + 0.015. The results from the 
other two sets of data were 1,194 + 0.017 and 1.200 + 0.019. 
In order to make a liberal allowance for any systemat­
ic errors which might be present the average error! was 
multiplied by a factor of about 1.5, so that an average 
value of 
or = 1,200 + 0,020 (12) 
was accepted from these measurements for the total ICC of 
the 123-keV ground state transition in Gd!54, 
The K-shell ICC was also calculated from this data 
using Equation 2 in Fig. 2 with Sy the same as above, 
e s 0.879 + 0,007, «y = 0,920 + 0,006 (2 9 I Wapstra et 
K A 
âl.) and %/Ny = 0,518 ± 0,006 which yielded • 0.632 + 
^The average error was obtained by taking the mean of 
the systematic errors in a plus the root mean square of the 
random errors in or. 
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0.010. Njç/Ny was found by the same type of data analysis 
as was used to find NQ/N^ except that Nj. was found by 
adding up the counts under the K X-ray photopeak and multi­
plying this by 1.0^5 in order to include the escape peak^. 
The other two sets of data gave = 0.633 + 0.010 and 
0.630 + 0.011 and the accepted value from these combined 
results was 
= 0.632 + 0.016 (13) 
Of was also calculated by combining the value, of 
o'^/cy = 0.531 + 0.007 from beta-ray spectrometer data (3^) 
and the above value of # = 1.200 + 0.020 to yield 
= 0.637 + 0.009 (14) 
which is in good agreement with the above value. 
3. spectrum analysis 
-jblôO hag Q very complex decay scheme - 93 gamma rays 
have been omitted from the partial decay scheme shown in 
Pig. 7. However, all gamma rays with an energy above 1 . 
MeV, except for the questionable 1.24l-MeV transition, 
either feed the 283.8-keV level or the 86.8-keV level but 
the 283.8-keV level does not decay directly to the ground 
state. Instead, it proceeds through a 197-keV transition 
^The escape peak to photopeak ratio of 0.0^5 is 
established on page 59. 
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to the 86.8-keV level. In order to gate on the 86.8-keV 
ground state transition the gating window was. thus set 
above 1 HeV and then experimentally adjusted until the 
intensity of the 197-keV gamma-ray peak was a minimum rel­
ative to the 86,8-keV gamma-ray peak. This resulted In a 
window set between 1,25 and l,6o MeV, so that most of the 
gating was done with the 1,272-MeV gamma ray which popu­
lates the 86.8-keV level. A lower setting than this intro­
duced a considerable number of 197-keV transitions into the 
spectrum, probably due to the 1.115-MeV gamma ray which 
feeds the 283,8-keV level. 
Even though there were still some of the 197-, 
86.7-keV cascade transitions gated into the analyzer, this 
introduced little error in the result; since it was possi­
ble to take accurately the contribution of these transi­
tions away from the expected peaks. This subtraction was 
done in the same manner that the Eu^^Z contamination peaks 
were taken out of the Su^^^ aata. 
The same geometry as that used in the Eu^^^ measure­
ment was Used here. The strength of the source used was 
about 0.05 microcuries (approximately the same strength as 
the Eul54 source). 
Again three identical sets of data were taken and ana­
lyzed, One of these sets, accumulated over a period of 
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process of finding Ny was more difficult due to the near­
ness of the gamma-ray peak to the K X-ray peak. A careful 
separation indicated 20,877 + 200 counts in the 86.8-keV 
photopeak (including a small tall on the low energy side). 
In order to Include the Iodine K X-ray escape peak for 
the 86.8-keV gamma ray in , the spectral shape, obtained 
from the absorption of low energy photons from various 
sources 58.9-keV K X-ray; Cdl09, 88-keV gamma ray; 
Co^^, 122-keV gamma ray; Eu^^^, 123-keV gamma ray), was 
observed. It was found that over the energy range of these 
photons and for the geometry used here the escape peak to 
photopeak ratio was approximately constant and had a value 
equal to 0.045 + 0.005. Combining this with the photopeak 
strength above yielded Ny = 21,817 ± 300. 
NQ was taken as the number of counts in channel 1 
through 87, that is 122,203 + 380 (a room background spec­
trum which consisted of 985^ counts under NQ and 24 counts 
under was previously subtracted). 
As a check on the effects of accidental coincidences 
a delayed coincidence spectrum was taken and subtracted 
from the data. The accidental coincidences turned out to 
be quite small; for instance, the average number of counts 
in channels 25 through 87, normalized to the same gain as 
the spectrum in Pig, 11, was 9.7 counts/channel. The cor­
rection due to this Increased N^/Ny by 0.30 +0.10 percent. 
6o 
Also, calculations indicated that corrections for acciden­
tal summing were negligible. 
The correction obtained by taking out the contribution 
due to the 197-, 86.8-keV cascade increased Ng/Ny by 0.05 + 
0.05 percent. 
As a correction for bremsstrahlung background 159^ 
counts and 324 counts were subtracted from NQ and re­
spectively. This increased N^/Ny by 0.3 ± 0.3 percent. 
Combining all of these corrections to Nç/Ny and using 
a gamma-ray efficiency of Cy = 0.98l4 + O.OO30 (from Appen­
dix A) in Equation 1 in Pig. 2 yielded a value of » = 4.533 
+ 0.080. The results from the other two sets of data were 
4.549 + 0.099 and 4.473 + 0.089. Then to allow for possi­
ble systematic errors a value of 
= 4.52 + 0.11 (15) 
was accepted from these measurements for the total ICC of 
the 86.8-keV ground state transition in Dyl^O, 
The K-shell ICC for this transition was not calculated 
by comparing the K X-ray and gamma-ray intensities since 
the error would have been large due to the uncertainty in 
peak separation. Instead, it was calculated by the more 
accurate method, in this case, of combining the total ICC 
obtained here with the value of o-g/cy = 0.341 + 0.011 from 
beta-ray spectrometry data (34). This yielded 
= 1'53 + 0.051 . (16) 
6i 
One. of the major systematic errors in these measure­
ments was due to the treatment of the bremsstrahlung back­
ground. This continuous background was produced during 
radiative collisions of the beta particles which were used 
for gating purposes. Since this bremsstrahlung was emitted 
in coincidence with the particles emitted by the transi­
tions gated in, it summed, independent of the process by 
which the transition decayed, with the particles emitted by 
that transition. Thus, in the coincidence spectrum a num­
ber of counts proportional to the number of counts in a 
peak, say the gamma-ray peak, are summed out of the peak; 
similarly, with the same proportionality constant, for the 
pedestal and K X-ray peaks. Therefore, the correct rela­
tive intensities of the peaks would be obtained if all of 
the counts summed out of the peaks were Included in the 
intensity of the respective peaks or if none of the counts 
summed out were included in any of the peaks. Now in the 
present analysis, since the intensity of photons produced 
by bremsstrahlung decreases -rapidly as the energy in­
creases, a significant fraction of the counts summed out of 
the pedestal and K X-ray peaks were included in NQ due to 
the method by which Nq was obtained; while none of the 
counts summed out of the gamma-ray peak was included in 
either NQ or Ny. This tends to make Ny too small rela­
tive to Nq. However, this error is somewhat, if not over 
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compensated, depending on the relative sizes of and N^, 
in the calculation of the total ICC due to the fact that 
many counts summed out of Ng fall under the gamma-ray peak 
and are thus included in Ny. 
B. Measurement of the K-Shell Internal Conversion 
Coefficients for the Low Energy, Ground State 
Transitions in and Pr^^l 
The major emphasis in this section will be placed on 
the Yb^^® measurement. The Yb^^^ measurement was pursued 
mainly because of the aid it gives to the Yb^^® data anal­
ysis; however, this is the first quantitative ICC measure­
ment made on this isotope. 
1. General procedure 
The parent isotopes used in these measurements were 
Tm^^®, Tm^fl, and Ce^^^. These isotopes respectively decay 
to Yb^^®, Yb^^^, and Pr^^^ by the process of beta emission 
through two different branches - one to a low level excited 
state, the other to the ground state (see Pig. 12), The 
171 
measurements, except for Yb , were done using the coin­
cidence method, with no internal summing, by gating on the 
beta particles. However, due to the presence of the beta 
branch to the ground state it was impossible to determine 
Nq, the total transition rate. Thus, only the K-shell ICC 
for these transitions were measured - the measurement of 
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method could not be used because in the decay of Tm^^l the 
end point energy of the beta particle which feeds the 
excited state In Yb^^^ Is only 30 keV and It was experimen­
tally Impossible to gate on beta particles with such a low 
energy. Since only one transition exists in these daughter 
Isotopes It is also possible to measure merely by record­
ing the singles spectrum (provided a radioactive source free 
from contamination is available); thus the Yb^^l measurement 
was done with the singles spectrum. Yb^^® and Pr^^l meas­
urements were also done in that manner to provide checks on 
the coincidence measurements. The sources were made with 
the Isotope separator at Argonne National Laboratory to en­
sure no contamination was present in them^. The TmAfO and 
Ce^^^ sources were respectively made from TmCl^ and CeCl^ 
each with chemical purity of 99 percent or greater and were 
produced from slow neutron irradiation at Oak Ridge National 
Laboratory. 
Due to the high cross section of Tm^fO, relative to 
Tm^^S; for neutron absorption the Tm^^® source, before sep­
aration, contained a large fraction of Tm^^l contamination 
ljust before the Tml^O source was separated, a 
Eul52_Eul54 separation was done, and somehow a small quan­
tity of got Into the Tm^^O separated source. As will 
be seen below this had very little effect on the measure­
ment. 
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in it. In fact, starting with pure and irradiating 
under a high flux, say 2.5(10^^) neutrons/cm^/sec, for 
12.9 days, will produce a source with a specific 
activity of about 150 millicurie per rag and a activ­
ity of about 6 percent of that. The Tm^^^ then grows rela­
tive to the Tm^^^ as the source ages due to the longer half 
life of Tml?!. Now due to the low energy of the Ybl?! 
gamma ray, its large ICC, and the poor resolution of the 
scintillation detector; any Yb^^l contamination in the 
YblfO gamma-ray spectrum, at first glance, just increases 
the K X-ray intensity relative to that of the gamma ray. 
This effect may have caused the results of some of the 
previous measurements of (y^ to be larger than the actual 
value. Indeed, the presence of this Yb^^^ contamination 
was not realized in this investigation until the coinci­
dence spectrum was compared with the singles spectrum^ 
and it was only then that the separated isotope was 
obtained so that a real comparison of coincidence and sin­
gles results could be made. In fact, the Tm^?! source, 
used in the Yb^'^^ measurements., was made with the isotope 
separator using the TmlfO source material. 
1 
This was before a least squares analysis was applied 
to the data. 
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The sources used In the experiment were centered, in a 
spot about 1 mm in diameter, between thin mylar disks, 1/8 
to 1/4 inch in diameter - one disk being made of mylar 
Scotch tape. For the coincidence measurements the sources 
were then placed between two anthracene crystals 1/k in. 
(diam.) x 1/8 in. (ht.) and located in the bottom of the 
well, 0.316 in. (diam.) x 1.52 in. (ht.) with a 0.002? in. 
thick aluminum well lining, of a 2 3/4 in. (diam.) x 3 in. 
(ht.) Nal(Tl) crystal. The well, drilled into the Nal(Tl) 
was highly polished and there was no Al^O^ reflector in , 
the well. In order to prevent the relatively high energy 
conversion electrons, from the l45-keV transition in Prl^l, 
from reaching the anthracene crystals the source was placed 
between aluminum foil disks during the Pr^^l measurements. 
The anthracene crystals played a dual role in the 
experiment in that they served both to detect the beta par­
ticles for gating purposes and also to absorb the beta par­
ticles so that they could not be detected in the well-type 
crystal. To assure complete absorption of the beta par­
ticles for the case of Tm^''®, the anthracene was surrounded, 
except on the top, with 0.20 in. of plexiglass. At first a 
light pipe was used to couple the anthracene crystals to 
the photomultiplier tube, but this was awkward to get in 
and out of the well and it also affected the gamma-ray de­
tection efficiency of the well-type crystal due to the 
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larger amount of mass (of the light pipe) in the well. It 
was found that if the walls of the well were lined with 
(0.00025 in. thick) aluminized mylar and an eleven stage 
1 1/8 in. (diam.) EMI photomultiplier was placed above the 
well, no light pipe was needed (the same photomultiplier 
tube that was used in Sec. A was also used here on the well 
type crystal). 
For the singles measurements either the same anthracene 
crystal assembly was used or the sources were placed at the 
center of a plexiglass rod, 0.290 in. (diam.) x 0.350 in. 
(ht.), except some Yb^^l spectra were taken with no absorber 
in the well. The replacement of anthracene with plexiglass 
produced no detectable difference in the spectra. 
The effects of the materials in the well upon the 
gamma-ray efficiencies were taken into account during their 
calculation using the methods described in Appendix A. 
The detectors were placed in a lead house in order to 
reduce room background. Backscattering off the walls of 
the lead house into the crystal was negligible in this work 
since the source was in the center of a Nal(Tl) crystal 
whose efficiency was nearly unity for the photons emitted 
by the sources. 
The electronics, as illustrated In the block diagram 
in Pig. 13 performed the same function as those used in the 































Pig. 13. Block diagram of equipment used for the TmlfO, Tmlfl and Cel^l measure­
ments (the gating channel was not used with Tm^^^) 
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was removed from the output of the pulse height analyzer 
internally by triggering the output pulse with a pulse 
produced at the zero crossing of the bipolar pulse produced 
in the linear amplifier. Also, an external amplifier with 
double delay line clipping was used for the spectrum pulses 
instead of the internal amplifier in the multichannel ana­
lyzer. 
2. Yblfl spectrum analysis 
The analysis of this data will be presented first 
since the shape of this spectrum will aid in the analysis 
of the YblfO data, 
A singles spectrum, recorded over a period of 50 
minutes with a Tm^^l separated isotope placed at the center 
of a plexiglass rod (0.290 in. x 0.350 in.) and located in 
the bottom of the well of the Nal(Tl) crystal, is illus­
trated by the points in Pig. 14 (room background has 
already been subtracted). The peak in channel 12 is due to 
the L X-ray from L conversion and the one in channel 28 is 
the iodine escape peak for the Yb K X-ray. Only a bulge on 
the upper side of the K X-ray indicates the presence of the 
66,7-keV gamma ray. 
However, a considerable amount of information can be 
unfolded from this spectrum if a least squares analysis is 
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Is shown by the solid lines in Pig. l4. The fit consists of 
seven Gaussian peaks and three scatter^ peaks (scatter 
peaks for the four lowest energy Gaussian peaks were neg­
lected) . 
The Gaussian peaks represent the 66.7-keV gamma ray, 
the 59.7-keV Kg X-ray, 52.0-keV K* X-ray, an iodine escape 
peak for each of these, (located 29.2 keV below the photo-
peaks) and the L X-ray photopeak at about 8 keV, The 
scatter peaks account for tails below the photopeaks of the 
gamma ray. Kg X-ray and K* X-ray. 
The escape peak to photopeak area ratios for the gamma 
ray and Kg X-ray were set equal to the ratio obtained for 
the Kq, X-ray, similarly for the scatter peak to photopeak 
ratio. Although this is not exact, it is a good approxi­
mation since the contribution of these escape and scatter 
peaks to the spectrum is so small and since, the photopeak 
energies are about the same. 
To check the validity of this approximation, a similar 
analysis of data from Ce^^l, Co^? and sources was 
undertaken which yielded values for these ratios at re­
spective energies of 1^5 keV, 122 keV and 57.5 keV. For 
this range of energies and within experimental error the 
^Scatter peak will be used to refer to all peaks which 
are not Gaussian (see page 106). 
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escape peak plus scatter peak to photopeak ratio was found 
to be constant with a value of 0.053 + 0.005 while the 
escape peak to scatter peak ratio held within the limits of 
1.75 + 0.75. The large error in the escape peak to scatter 
peak ratio is indicative of the difficulty encountered in 
separating these two peaks. These ratios will also be used 
in the analysis. 
Since the fractional area below the photopeak is small 
and about the same for the K X-rays and gamma ray, only the 
photopeaks were used to calculate the ICC. That is for 
the transition in is given by Equation 2 In Pig. 2 
where now refers to the gamma-ray photopeak area only, 
represents the sum of the Kg and K» X-ray photopeak 
areas, and represents the weighted average of the effi­
ciencies of the Kg.and KQ, X-rays. For the fit shown this 
ratio of photopeak areas is Njç/Ny = 6.^3. 
Because of the two small Gaussian peaks (Kg and y) 
overlapping the large K^y X-ray peak, a good least squares 
fit was difficult to achieve. The variance of fit, chi-
square over the degrees of freedom (35)^, for the fit 
shown is 5.2, which is not too good; however, the relative 
peak locations and widths have approximately the expected 
The expected value for this quantity in an ideal fit 
is unity. 
73 
values. Also, the ratio of Kg X-rays to X-rays for the 
fit shown is 0.235 while the expected value is 0,26 + 0.03 
(29), so it is not expected that the areas of the peaks are 
too much in error. 
Several sets of data were taken and analyzed, as 
above. Each set yielded a result for N^/Ny of about 6.5 
provided the data were forced to fit the above constraints. 
Due to the uncertainty in these constraints a value of 
%/Ny =6.5+0.9 (17) 
was accepted from this investigation. 
Prom Wapstra ^  al. (29) "'jç = 0,937 + 0,006 and from 
calculations by the methods described in Appendix A 
= 0.993 + 0,003 and = 0,992 + 0,003 so that 
(Yg = 6,9 + 1,0 , (18) 
3. YblfO spectrum analysis 
A set of Tml70 spectra is shown in Pig. 15, These 
spectra represent coincidence, delayed coincidence, and 
singles minus room background from the Nal(Tl) crystal and 
singles data, summed with pedestal pulses, from the 
anthracene crystals. The source used for these spectra was 
made with an Isotope separator as discussed above and was 
located between two anthracene crystals, 1/4 In, (dlam.) x 
1/8 in, (ht,). These crystals were then surrounded except 
on-the top, with 0,020 in, of plexiglass and placed in the 
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170 Pig, 15. Tm spectra taken with a separated (isotope) source 
(d) Singles spectrum from gating 
detector summed with pedestal 
bottom of the well of the Nal(Tl) crystal. The break in the 
singles spectrum from the gating crystals locates the window 
setting of the pulse height analyzer - its lower and upper 
limits being about 200 keV and 1 KeV respectively. This 
break is caused by summing a pedestal pulse with the spec­
trum pulse when the amplitude of the latter pulse falls 
within the window of the pulse height analyzer. The delayed 
coincidence spectrum was obtained by delaying the gating and 
pedestal pulses about ten microseconds with respect to the 
spectrum pulses.-
Due to the weak source strength used, about 0.02 
microcuries,- the effects on of accidental summing and 
internal absorption in the source, should be very small. 
A least squares fit to the coincidence spectrum is 
shown in Pig. l6. The fit consists of 9 Gaussian peaks and 
6 scatter (non-Gaussian) peaks. The Gaussian peaks rep­
resent the photopeaks and escape peaks for the 84.3-keV 
gamm.a ray (v and Y_), the 59.7-keV Kq X-ray (Kq and Kq ), 
Pa 8 Sp Bg 
and the 52.0-keV K X-ray (K and K ) along with the 
. cvp *2 
photopeak for the L X-ray (Lp) and the photopeaks at 123 
keV and 44 keV (unmarked) to account for a small Eul5^ 
contamination (see footnote on page 64). Three of the 
scatter peaks represent tails below the photopeaks of the 
gamma ray (.Y3), Kg X-ray (Kg ), and X-ray (K^ ) ; the 
S S 
shapes of the other three scatter peaks were adjusted to 
500 
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Pig, l6. Gated spectrum summed with pedestal (minus accidental coincidence 
spectrum), and computer fit 
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match the bremsstrahlung background. 
In a manner similar to that discussed on pages 6l and 
62 bremsstrahlung produced by betas which feed the 84.3-keV 
state sura with the pedestal, the K X-ray's, and the gamma 
rays giving rise to sum peaks so that three bremsstrahlung 
sum peaks exist (Y+B, K+B, Ped+B) in the Tm^^ O spectrum. 
Each of these peaks has an intensity proportional to the 
number of counts in the peak with which it summed. 
Many (about 75%) of the counts in the pedestal peak 
(and in the bremsstrahlung peak summed with the pedestal) 
represent transitions to the ground state; but since the 
end point energy of the beta particles feeding the 84.3-keV 
state (0,883 MeV) and the ground state (O.967 MeV) are 
about the same, the ratio of pedestal to bremsstrahlung 
peak areas will be assumed the same for transitions to both 
the 84.3-keV state and the ground state. Thus the brems­
strahlung peaks were developed in the following manner: 
(1) the large bremsstrahlung peak summed with the pedestal 
was generated using least squares techniques neglecting the 
other (smaller) bremsstrahlung peaks, (2)the relative in-
tensities of the pedestal, K X-ray and gamma-ray peaks were 
determined to be 53:1.^:1.0, and finally (3) the other two 
bremsstrahlung peaks were put into the spectrum with about 
the same shape as the bremsstrahlung peak In (1), These 
three bremsstrahlung peaks were adjusted, however, to have 
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relative intensities according to (2) i.e. 53:1.4:1.0. 
As in the analysis, since the fractional area 
below the photopeak is small and since it is about the same 
for the K X-rays and gamma ray, only the photopeaks were 
used to calculate But it was still necessary to fit 
the area below the photopeaks as well as possible, since 
this affects the fit to the photopeaks. The escape peak to 
photopeak and scatter peak to photopeak ratios were ini­
tially fixed at the values obtained from the Yb^^^ analysis 
(see pages 71 and 72). In the final fits, however, some of 
the parameters associated with the escape and scatter peaks 
were allowed to vary, 
A rather good fit to this set of data was obtained. 
The variance' of fit for the fit shown in Pig. l6 is 1.7, 
the differences are more or less random, and the con­
straints are satisfied nicely; for instance the Kg X-ray 
area to Kg, X-ray area is 0.266 (while the expected value is 
0.26 +0.03). It should be noted that a plot of peak loca­
tions vs energy is not linear and that a good fit to the 
data could not be obtained when this was made linear; 
rather, the peak locations satisfy the non-linearities re­
ported in the literature-(36, 37, 38).  
For the fit shown, the ratio of photopeak areas is 
lijç/Ny = 1.378. Results from other coincidence data are as 
follows: using the same source as above but with the 
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gating window set between 75 keV and 1 MeV on the beta 
spectrum, 1.379; using an old (at least 2f years) unsepa-
rated source with a large Tml?! contamination (and no Eu^5^ 
contamination, see Pig. 17), about twice as strong as the 
above source, and with the gating window set between 200 
keV and 1 MeV, 1.362; using the same unseparated source and 
with the gating window set between 200 keV and 261 keV, 
1.354. 
Three sets of singles data were taken with the sepa­
rated isotope source used above, one set with the same 
geometry as used in the coincidence data above (Pig. 15c) 
and two other sets, also the same, except with the source 
at the center of a plexiglass rod, 0.290 in. (dlam.) x 
0.350 in. (ht.). After fitting these spectra, in the same 
manner that the coincidence data was fit, the photopeak 
area ratios obtained were 1.417, 1.417, and 1.424. 
The coincidence results for different sources and 
different gating windows are in good agreement indicating 
source contaminations and additional gating caused by the 
conversion electrons^ are not affecting the measurement of 
*K' 
However, the singles results are slightly larger than 
1 
Opening the gate with conversion electrons causes too 
many X-rays to be detected (see page 33), 
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(b) Gated spectrum summed with pedestal (minus accidental 
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Fig. 17, spectra taken with an old source 
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the coincidence results. Part of the additional K X-rays 
in the singles data are due to K capture of Tml70, although 
the reported branching ratio is too small to explain all of 
them (see Pig. 12), A possible explanation is that there 
is some contamination left in the separated source; 
but it is unlikely that enough contamination exists to 
explain the rest of the extra K X-rays, 
The difference between coincidence and singles results 
was left unexplained; however, more weight was placed on 
the coincidence results producing an average value of^ 
Ng/Ny = 1,385 + 0.04o. Combining this with = 0,937 + 
0.006 (29) and = 0.995 + O.OO3 and = 0,992 + 0,003 
calculated from the methods of Appendix A gave, using 
Equation 2 in Pig. 2 
«K = 1.48 + 0.05 , (19) 
4. Prl^l spectrum analysis • 
A set of Cel^l spectra is shown in Pig, 18, The 
spectra were taken under the same conditions as the Tml^O 
spectra in Pig. 15, except the Ce^^^ separated isotope was 
placed between aluminum disks, 0,20 in, (diam.) x 0,00^5 
^The average can be taken before is calculated 
since the efficiencies were negligibly different for the 
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in. (ht.), and then between anthracene crystals, 1/4 in. 
(diam.) x 1/8 in. (ht.), and the anthracene crystals were 
not surrounded with plexiglass. Singles spectra were 
recorded with the anthracene crystal assembly and also with 
the source at the center of the plexiglass rod used in the 
Tm^fO spectra. 
The tail on the high energy side of the gamma-ray 
photopeak was probably caused by bremsstrahlung summing and 
accidental summing (the source strength was about 0.3 
microcurie). 
A detailed least squares analysis was not done in this 
case due to the simplicity of the spectrum. Instead the 
number of counts under the peaks were added up and then 
small corrections were made for bremsstrahlung and acciden­
tal coincidences. Also, special care had to be taken in 
finding the number of counts in the iodine escape peak for 
the Pr K X-rays. 
In fact, one of the major errors in this measurement 
is due to the uncertainty in the area of the escape peak 
for the Pr K X-rays. This escape peak is located at a very 
low energy and thus the task of separating it from the 
noise is difficult. Roughly, from the relative Kg and K* 
X-ray intensities of Pr and I, 25% of the escape peak 
should be at 3.^ keV, 6o$ at 7.5 keV, and 15% at 12.5 keV, 
(The peaks, in channels 17 and 34 in Pig. iSa tend to con­
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firm the respective 7.5-keV and 12.5-keV peaks and relative 
intensities; however, the 3.4-keV peak cannot be recovered 
from the noise.) The issue is further complicated due to 
the fact that the Pr L X-rays, ranging in energy from 4.5 to 
6.5 keV fall under the escape peak (for the Pr K X-rays) so 
that any L X-rays detected increase the error further. The 
value obtained for the escape peak to photopeak ratio was 
0.04 + 0.01, nearly the same ratio as found for higher 
energy photons in the Yb measurements. 
Combining the results of coincidence and singles data 
(which agreed with each other within the error shown below) 
and using Equation 2 in Pig. 2 yielded a value of 
= 0.375 + 0.009 (20) 
where = 0.900 + 0.006 (29) was used and where the effi­
ciencies, calculated by the methods of Appendix A, used 
were = 0.935 + 0.010 and Sy = 0.993 + 0.003 for the 
spectra recorded with the source between the aluminum foil 
and anthracene crystals and = 0.983 + 0.003 and 
0.995 + 0.003 for the spectra recorded with the 
source in the plexiglass rod. 
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IV. CONCLUSION 
The results of the E2 measurements are shown In Pig. 
19 and the results of the Ml + E2 measurements are shown In 
Pig. 20. For comparison, previous measurements and theoret­
ical values are also included in the figures. The error 
shown on the theoretical values represents a 3 percent error 
which is expected to exist in Rose's and Sliv and Band's 
tables (see page 10) plus the error introduced during inter­
polation from the tables. These two different types of 
error were added statistically, i.e. by taking the square 
root of the sum of the squares of the errors. The inter­
polated (or extrapolated) values were obtained from a log-
log plot and also from application of Lagrange's interpo­
lation formula to the logarithm of the tables. 
A. E2 Transitions 
It can be seen from Pig. 19 and Pig. 21 that the 
present results for Gd^^^ and Dyl^O g^e in good agreement 
with theory which adds doubt to possible correlations pro­
posed by Bernstein (23) (see Pig. 1) and by Subba Rao (22) 
(see pages 15 and l6), (The 122-keV transition in Sm^^^ 
has been included in Pig. 21 since it was measured by the 
present method just prior to the Gd^^^ and Dy^^® measure­




/fk. CXDt lb M/Z Ref, Method ®rot «K Energy . throtyj 
i,^Cd'" 39 KX/y 0. 540 0.83 
1.406 23 coul excit-haU life 1.46*0.2 0. 78*0. ir 1. 19*0. 17 
123. 1 keV 24 coul excit-half life 1.46*0.2 0. 78*0. 11 ^ 1. 19*0. 17 
Present k 26 coin-sum 1.20*0.02 0.637*0.016 0.97*0.04 
Present k 26 KX/y 0.632*0.016 0. 97*0.04 
8 Theory (EZ), Rose i.M ' 0.447*0.010*' 
9 Theory (E2), Sliv and Band 1.23 ® 0. 654*0.020** 
34 0. 531*0. 007 
40 KX/y 1.65 *0.2 1. 07*0. 13 
1.424 42 KX<Phocoe2ect)/r (Photoelect) 2.0 *0.2 1. 30*0. 14 
16. 8 keV 42 KX/y 1.5 *0.3 0.97*0.20 
23 coul excit-half life 6.02*0.6 2. 05 *0. 22*' 1. 33*0. 15 
24 coul excit-half life 5.7 *0.4 1.94 *0. IS*" 1. 26*0. 11 
28 KX/y 1.52 *0.06 0. 99*0.05 
Present Ic 26 coin-sum 4. 52*0.11 1.54 40.06*' 1.00*0.05 
8 Theory (E2), Rose 4.46 ® 1.52 *0.05'* 
9 Theory (EZ), Sliv and Band 4,52 e 1.54 *0.05*' 
34 0.341*0.011 
43 KX/y 1.60 *0. 15 1. 18*0. 12 
1.429 44 KX/y 1.56 *6. 15 1. 15*0.12 
84. 26.keV 45 KX/y 1.69 *0.02 1.24*0.05 
46 KX/y 1.34 *0.07 0. 99*0. 06 
47 KS/v 1.65 *0.12 1.21*0.10 
23 coul excit-half life 6.7 *0.4 1.54'' 1.13 
24 coul excit-half life 7.2 *0.4 1.67'' I. 23 
, ,, +0.10 1 ,c+0.09 
48 lEC 
-0.15 '•'5.0.12 
28 KX/y 1.31 *0.'08 0. 96*0. 07 
49 KX/y . 1.52 *0.07 1. 12*0.07 
Present Work KX/y 1.48 *0.05 1.09*0. 06 
8 Theory (E2), Rose 5. 8® 1.33 *0.05'' 
9 Theory (E2), Sliv and Band 5.9® 1.36 *0.05** 
50 0. 23 
• 
*The OC^f theory uaed here are by Sliv and B&nd. 
"'"Tot = '"k- «heory)/(Ojç/aj.^^. expt). 
''ihe error» «hown on a^, theory represent a i% systematic error (see page 9) plus the interpolation 
error (from the tables), added statistically. 
Pig, 19. Internal conversion coefficients of E2 (2"*"—>0"*") 
transitions 
Nuclides 
Ref. Method «K K^' Y ["K* Energy Multipolarity 
[)6. 7 key 
v2vr 







Theory (Ml), Rose 
Theory (Ml), Sliv and Band 
Theory (E2), Rose 
Theory (£2), Sliv and Band 
p,45 iO.09^  6.9 ±1.0 
9. 5 ±0. 5" 
9. 2 ±0. 4*^  
1.77 ±0.11*^  
1.82 iO. 11® 
assume 1. 0 
51 KX/y 0.46 40.02 1. 19±0.07 







53 KX/y 0.405±0.010 1.0410.05 
Ml (+E2) 54 KX/y 0.379±0.005 0.9810.04 
't -forbidden" Present Work KX/y 0. 375*0.009 0. 9710. 0 5 
8 Theory (Ml), Rose 0. 391±0.016® 
9 Theory (Ml), Sliv and Band 0. 38810.016' 
- 8 Theory (E2) , Rose 0.386±0.016^  
9 Theory (E2) , Sliv and Band 0. 389*0.016*^  
55 0.0045 
^The ûtjç, theory used here are by Sliy and Band. 
^Calculated assuming (o^i expt)/(a^, theory) = 1.0. 
'^ The errors shown on theory represent a 3% systematic error (see page 10) plus the interpolation 
. error (from the tables) added statistically. 
Pig. 20. K-conversion coefficients of Ml + E2 transitions 
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Pig. 21. Ratio of the experimental K-conversion coefficients to the theoretical 
values plotted as a function of N/Z, the neutron-to-proton ratio (com­
pare with Pig. 1) 
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with a recent measurement by Thosar ^  aj^. (28)1. However, 
the present result for the K-shell conversion coefficient 
of the 84-keV transition in Yb^^® is nearly 10 percent 
greater than theory. And, except for values reported by 
Thosar e^ 8%. (28) and Houtermans (46) which are in agree­
ment with theory, all previous measurements have either been 
in agreement with the present result (within limits of 
error) or greater than this result. The comparison of this 
result with recent results by Jansen _et aJ.. (48) (who used 
an entirely different method of measurement, lEC) and Croft 
(49) is rather good. 
A possible explanation for some of the larger values 
171 
obtained previously is a probable Tm contamination in 
the Tm^fO sources used in the measurements which would in­
crease the K X-ray peak area relative to the gamma-ray peak 
area (see pages 64 and 65). 
In the recent result by Thosar et al. (28), was 
probably underestimated since no account was taken of the 
effects due to beta-gàmma angular correlation. (In that 
measurement, a Siegbahn-Slatis beta-ray spectrometer was 
It should be noted, however, that Zganjar ^  al. (56) 
have recently reported an anomalous particle parameter, 
obtained from angular correlation measurements, for the 
144 Gd ^ transition under discussion. This anomaly implies a 
possible disagreement of the experimental and theoretical 
ICC for this transition. 
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used to detect the beta particles and a 3.8 cm (diara.) 
Nal(Tl) crystal was located 4 cm from the source for detec­
tion of the gamma rays; then the photon spectrum in coinci­
dence with the beta particles was recorded and analyzed.) 
Notice that in the present work measurements were done 
with a TraCl^ source material and also with pure Tm depos­
ited in mylar by an Isotope separator. The fact that these 
two.measurements gave the same result indicates that any 
effects of chemical bonding on the electron wave functions 
r 
produces negligible effects on the ICC, 
Thus, the evidence appears rather strong that for 
Yb^?^ is about 10 percent greater than theory. Even though 
the Gd^5^ and Dyl^O measurements indicate the previously 
proposed correlations between discrepancies and nuclear 
properties are unreal, there do seem to be, at least, iso­
lated cases where the theory of E2 conversion coefficients 
need adjustment. Another case where a real discrepancy 
appears to exist is in the 344-keV 2"*" O"*" transition in 
152 
Gd ^ . Schupp and Hatch (34), and also Hamilton ^  al. 
(57) I have recently made precise measurements of for 
this transition and obtained values about 9 percent below 
theory. 
If a nuclear structure effect Is causing these dis­
crepancies It seems unlikely that ICC for E2 transitions 
should differ from theory only in Isolated cases; that Is, 
91 . 
there must be other transitions where discrepancies exist 
(under the assumption that the discrepancies are caused by 
a nuclear structure effect)Thus further careful ICC 
measurements on other E2 transitions should be performed to 
look for deviations from theory which may be correlated with 
nuclear properties. Angular correlation experiments in­
volving the conversion electrons are also useful in deter­
mining the effect of nuclear structure on internal conver­
sion (58) and would thus also be useful in this search. 
On the other hand, a nine or ten percent deviation 
from the calculated value can hardly be considered a break­
down in the present theory. For instance, It may be possi­
ble that the 2 or 3 percent error, which is expected to 
exist in the tables is doubled or tripled in these Isolated 
cases due to the propagation of error in the computer pro­
grams. Thus, it seems that it would be worth while to re­
calculate the ICC for cases in which the evidence of a de­
viation from the tabular value is strong, such as in the 
case of the 84-keV transition in Yb^"^® and the 344-keV 
transition in Gdl52^ This calculation should be done with 
a computer program in which the systematic errors (which 
appear, for Instance, in inverting matrices) are reduced to 
a minimum. This new calculation would also eliminate the 
interpolation error, which, In Itself, would improve con­
siderably the comparison of experiment with theory. 
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- - In conclusion it appears that several of the large 
(around 20 percent) discrepancies which were previously re­
ported between theory and experiment are unreal and that in 
some of these cases the experimental value is in good agree­
ment with theory. In other cases, however, there appears to 
be a finite, but probably small, deviation between theory 
and experiment which may or may not be due to nuclear 
structure effects, 
B. Ml + E2 Transitions 
A comparison of theory and experiment cannot be made 
for the ICC in Yb^"^^ until a measurement of the mixing ratio 
is done. However, if theory and experiment are assumed to 
be in agreement then a value of S2/M1 = 0,^5 + 0,09 is 
obtained from this work as shovm in Fig. 20. 
The present result for the K-shell ICC of Pr^^^, cvp is 
in good agreement with the value obtained by Nemet (5^) and 
both of these values are nearly in agreement with theory, 
within limits of error. Thus, nuclear structure effects 
appear to be weak in this /.-forbidden transition (59). 
A considerable amount of the error in the theoretical 
values quoted is due to the uncertainty in the gamma-ray 
energy which was used during interpolation from the theo­
retical ICC tables; a conservative energy estimate of 1^5.0 
i 1.0 keV was used (the ICC decreases as the energy in­
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creases). Even with a more exact energy for use in inter­
polation, it is not likely that a significant difference 
between theory and the present experimental result would 
arise. 
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V. APPENDIX A: GAMMA-RAY EFFICIENCIES FOR 
WELL-TYPE SCINTILLATION CRYSTALS . 
In the use of cylindrical well-type scintillation crys­
tals in this experiment, it became neoassary to know the 
gamma-ray efficiencies for various sized crystals. To 
accomplish this end a Fortran computer program was written 
which does a numerical integration of the absorption prob­
abilities over the crystal. The adjustable parameters in 
the program are the gamma-ray energy, the diameters and 
heights of the crystal and of the well, the thickness of the 
well lining, the diameters, heights, and locations above the 
bottom of the well of three cylindrical absorbers centered 
in the well, and the position of the (point) source inside 
the well, 
A. Method 
The efficiency, e(E), is defined here as the probabil­
ity that a gamma ray of energy E emitted from a point source 
which is positioned along the axis of a cylindrical well-
type crystal (see Fig. 22) will lose some energy in the 
crystal, and is given by 
® 0 
e(E) = expC-e2(E)D2(e)}[l - exp{.*i(E)Di(6))]sine de (21) 
0 







ficient for the crystal, cKgCE) is the photoelectric absorp­
tion coefficient for the well lining, Dj^(0) and 02(6) are 
the thicknesses of the crystal and well lining, respec­
tively, as measured in the direction of the zenith angle 0. 
The absorption coefficients were taken from the report of 
Gladys White Grodstein (60), 
The first factor in the integral represents the prob­
ability that the photon will penetrate the well lining, and 
the second factor is the probability that it will then 
deposit some energy in the crystal. 
As a modification of the program, a third factor of 
the form exp-f(y^(E)D^(0) + + ff^(E)D^(0)} was put 
into the integral. This was added to account for various 
absorbers Inside the well such as anthracene crystals and a 
light pipe to facilitate gamma-beta coincidence experiments. 
Coherent scattering Is not included in #i(E), since no 
energy is given to the crystal by this type of interaction. 
The probability of interaction in the absorbers (including 
the well lining) inside the well is normally quite small, 
so only those gamma rays that are absorbed in a single 
event, i.e. photoelectric absorption, will be prevented 
from reaching the crystal. Thus, the scattering attenuation 
coefficients are not included in a^CE), or^CE), o^^E), or 
Another useful way to describe the effect of absorbers 
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Inside the well on the efficiency is as follows; For ease 
of illustration consider only low energy, say less than 
300 keV, photons. Then scattering is nearly isotropic and 
it produces only a small percentage energy loss in the 
photons; so a scattering event oen be thought of, as far as 
future interaction is concerned, as merely a relocation of 
the photon source to the position at which the scattering 
occurred. Thus scattering, when it occurs near the center 
of the crystal, has a small effect on the efficiency, since 
the probability of Interaction of the scattered photon with 
the crystal is nearly the same as it would have been if it 
had not scattered. IVhen the source is located near the 
top of the well, or when scattering occurs there, scattering 
begins to affect the efficiency, since then photons travel­
ing in different directions have different probabilities of 
interaction with the crystal. 
For some geometries, and particularly at high ener­
gies, the efficiency may actually be increased by Compton 
scattering in the absorbers inside the well due to the 
resulting decrease in energy, and thus increase in absorp­
tion coefficient of the scattered photon; or the efficiency 
may be Increased due to the backscattering of photons which 
would have normally escaped out the top of the well. 
Thus, the error introduced by considering only photo­
electric absorption in the absorbers inside the well de­
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pends upon the geometry and photon energy under consider­
ation. However, it is believed that for a source located 
near the center of a crystal in a small diameter well, the 
effects of scattering (on the efficiency) will normally be 
negligible. 
In the actual crystals used in this work the well 
lining did not touch the crystal and in one crystal (the 
one used in the Gd^^^ and Dyl^O measurements) an Al^O^ re­
flector was between the lining and the crystal. Since the 
program was written such that the lining had to touch the 
crystal, special methods had to be used. 
The efficiencies of the whole assembly were calculated 
in these cases by using the program to calculate separately 
the transmissions through the well lining and reflector, 
and to calculate the efficiency of the crystal (including 
the effects of the cylindrical absorbers, usually), and 
then taking the product of these quantities. In the Gd^^^ 
1 ^ Ci 
and Tb measurements this product was then multiplied by 
the transmission through the aluminum sphere which was. 
simply calculated by hand. 
Calculating the transmissions through the absorbers 
and calculating the efficiencies of the crystal separately 
and then taking the product is not correct in general, but 
when the transmissions are nearly unity the error intro­
duced is small. 
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B, Checks on the Calculations 
As a check on the method, several efficiencies were 
calculated with the source positioned at the top of the 
crystal with a zero diameter well, and the results were com­
pared with those given by Vegors ^  al. (6l). The two sets 
of efficiencies, for crystals 1/2 in. thick or thicker, 
always agreed to better than about 0.1^. 
As a second check, the efficiency for a 122-keV gamma 
ray was measured and compared with the computer calculation 
of this efficiency. The experimental determination was 
accomplished by measuring the total ICC for the 122-keV 
transition in Sm^^Z^ with the geometry used in Sec. III. A., 
relative to the same measurement (26) in another crystal 
with no well lining in which the efficiency was 0.992 + 
0.005 (and the total ICC was 1.135 + 0.010). Using a Su^^Z 
source and uniquely gating on the 1.409-MeV gamma ray (see 
Pig. 10), the techniques used were the same as those used 
in Sec. III. A. except that summing occurred as illustrated 
in Pig. 4 because Eu^^S decays to Sm^-52 by K capture. The 
coincidence-sum spectrum obtained is shown in Pig. 23. 
Using Equation 1 in Pig. 4 with or = 1.135 + 0;010 an 
efficiency of 0.986 + 0.00? was obtained for a 122-keV 
gamma ray with the geometry used in Sec. III. A, This is 
in good agreement with the corresponding computer calcula­
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Pig, 23. Gated spectrum (summed with pedestal) with internal summing 
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C. Typical Results for Common Crystals 
In the following calculations the well lining was 
assumed to be 0.032 in. of aluminum. The notation used is 
d and h = diameter and depth, respectively, of the well (in­
cluding the lining), and s = height of source above the 
bottom of the well (see Pig. 22). 
Pig. 24 is a plot of the crystal efficiency as a func­
tion of gamma-ray energy for a point source at s = o for 
the configurations: (a) 2 in. x 2 in. crystal, d = 1 1/8 
in., h = 1 1/2 in.; (b) 2 in. x 2 in. crystal, d = 1 in., 
h = 1 in.; (c) 2 in. x 2 in. crystal, d = 1/4 in., h = 
1 1/2 in.; (d) 3 in. x 3 in. crystal, d = 1 in., h = 1 1/2 
in. The trend is approximately the same in all cases. 
The efficiency increases up to 0.1 MeV due to increased 
penetration through the well lining. Then it starts falling 
due to escape from the crystal. 
Pig. 25 is a plot of the efficiency for a 2 in. x 2 in. 
crystal, d = 1 1/8 in., h = 1 1/2 in. as a function of 
source position for a number of different energies. For 
energies above 0.1 MeV the efficiency decreases as the 
source is raised above the bottom of the well, but for ener­
gies below 0.1 MeV, the efficiency first increases and then 
decreases as the source is raised. For the high energy 
case, this simply represents a decreasing solid angle. For 
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Fig. 24. Efficiency vs gamma-ray energy for different size crystals: 
(a) 2 in. X 2 in. crystal, d = 1 1/8 in., h = 1 1/2 in., 8=0 
(b) 2 in. X 2 in. crystal, d = 1 in., h = 1 in., s = 0 
(c) 2 in. X 2 in. crystal, d = 1/4 in., h = 1 1/2 in., s = 0 
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Pig. 25. Efficiency vs. source height for various energy 
gamma rays for a 2 in. x 2 in. crystal with 
d = 1 1/8 in, and h = 1 1/2 in. 
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distance through the well lining, 0^(9), as seen from the 
source (see Pig. 22) is generally decreased as the source is 
raised. Then as it is raised still further, the decreasing 
solid angle eventually reduces the over-all efficiency. 
Pig. 26 is a plot of the efficiency as a function of 
the well height for a 2 in. x 2 in. crystal, d = 1/4 in., 
and s = o for a number of different energies. From the 
figure it is seen that the optimum depth is about 1 1/4 in. 
It was found that for all configurations the optimum well 
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Pig, 26, Efficiency vs well height for a 2 in. crystal 
with d = 1/4 in, and 8=0 for various energy 
gamma rays 
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VI. APPENDIX B: LEAST SQUARES ANALYSIS 
OF GAMMA-RAY SPECTRA 
A. Type of Approach Used 
Various least squares approaches have been used In the 
fitting of gamma-ray spectra with computers (62). Most of 
these rely on the ability of the experimenter to measure 
the response functions of gamma rays of several different 
energies. Then complex spectra are fit by taking the proper 
linear combination of these monochromatic spectra. 
Frequently these monochromatic spectra are hard to 
obtain so the approach here has been to choose a function 
for the non-Gaussian portion of the response (thiimportion 
will be referred to as the scatter peak(s)) in which the 
variable parameters represent physically meaningful quan­
tities such as peak location, width, and amplitude. Then a 
fit to the complex spectra is done, without a previous exact 
knowledge of the response function of each gamma ray pres­
ent, by (1) varying certain parameters; (2) applying con­
straints to other parameters consistent with a priori in­
formation such as relative peak locations and widths, 
approximate peak to total ratios, etc.; and (3). holding the 
rest of the parameters fixed* Usually convergence to the 
final fit takes several attempts - the number,required de­
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pends on how sophisticated the program is.l 
The least squares fitting was thus accomplished by 
taking a function, y*, made up of a sum of Gaussian peaks 
plus a sum of scatter peaks (generated by the function 
developed in the next section) and then varying the param­
eters in the function until a minimum chi-square was ob­
tained, where chi-square is given by^ 
•yd - -^ fyi - (22) 
With y«(x^) equal to the function y' evaluated at channel 
*i» ^i equal to the number of counts in channel Xj^, and N 
equal to the number of data points (channels). Because the 
function y' is non-linear in terms of the variable param­
eters, the standard method of least squares is not applica­
ble, Instead, Gauss' method (63, 6^)3 was used. This is a 
linearization technique and involves an iterative process 
in which the function being fit to the data is expanded 
about an initial estimate of the parameters in a truncated 
^In the present work the constraints were not actually 
put into the program, although work is being done on this 
now. Instead, the constraints were applied to the fixed 
parameters from one fit to the next, 
2it is only after the "best" fit is obtained that this 
2 
represents % and then only approximately. See (35) for a 
full discussion. 
3The program was patterned after the routine given in 
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Taylor series. Each iteration supposedly produces a 
smaller chi-square until a minimum is obtained. The fit 
was improved considerably by using a damping technique dis­
cussed by Hobble and Plnsonneault (65) which ensures con­
vergence to a minimum. 
The usefulness of this method depends strongly upon 
the choice of the function for fitting the scatter peaks, 
so the rest of this Appendix will be devoted to the devel­
opment of this function. 
B. The Response below the Photopeak 
Total energy losses by monochromatic gamma rays in a 
scintillation crystal will produce counts in an associated 
multichannel analyzer under a Gaussian peak, called the 
photopeak (because most counts In this peak are absorbed by. 
photoelectric Interaction). However, many of these 
monochromatic gamma rays lose only part of their energy in 
the crystal and thus produce counts below the photopeak. 
The following study of the gamma-ray interactions which 
produce partial energy losses in the crystal reveals the 
expected shape of the response function below the photo­
peak. Interaction by pair production will not be discussed 
since the gamma-ray energies of Interest, below about 300  
keV, are below the threshold for pair production to occur. 
Following photoelectric absorption of a gamma ray In 
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a Nal(Tl) crystal, X-rays and Auger electrons are prod.uced. 
when the atom In which the Interaction occurred, returns to 
its ground, state. Any of these particles can escape the 
crystal producing only partial energy loss by the gamma ray 
to the crystal. However, by far the most probable la the 
escape of the iodine K X-ray (over Q0% of the photoelectric 
absorption in Nal(Tl) occurs in the Iodine K shell) which 
has an average energy of 29.2 keV and thus a half thickness 
for absorption in Nal(Tl) of 0.4 mm. The iodine L X-ray is 
next in probability to escape. It has an energy of about 4 
keV and thus a half thickness of about 0.04 mm. The escape 
of the K X-ray produces a prominent Gaussian peak 29.2 keV 
below the photopeak for incident gamma rays with energies 
below about 200 keV. The escape of the Jj X-ray is usually 
unnoticeable, although it may be responsible for some of 
the fill in between the K X-ray escape ^ eak and the photo-
peak. 
Similarly, X-rays produced by photoelectric absorption 
of the gamma ray in an external material near the Nal(Tl) 
crystal can enter the Nal(Tl) crystal and be absorbed. 
Peaks of this type become quite large if the external mate­
rial has a large atomic number and if the gamma-ray energy 
is above the K-shell electron binding energy in the exter­
nal material; for example, an 89-keV gamma ray Incident on . 
lead located near the crystal. Although usually annoying, 
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this process is advantageous in some cases; for instance, 
it can be used to determine upper and lower energy limits 
for a low energy gamma ray (see Appendix C). 
Following Compton scattering in the Nal(Tl) crystal 
the secondary gamma ray may escape thus leaving an energy 
of from 0 (scattering through 0°) to 2kf/(l+2k) (scattering 
through l8o°) in the Nal(Tl) where the energies here are 
expressed in units of mc^ - k being the energy of the 
primary gamma ray. If the secondary gamma ray only par­
tially escapes, an energy of from 0 to k may be left in the 
Nal(Tl).. 
If the primary gamma ray Compton scatters in an ex­
ternal material the secondary may be absorbed in the 
Nal(Tl) leaving an energy of from k/(l+2k) (180° scattering, 
backscattering) to k (0® scattering) in the Nal(Tl). This 
energy range is extended to 0 to k if the possibility of 
only partial absorption of the secondary in the Nal(Tl) is 
considered. 
Finally even though the gamma-ray energy is completely 
absorbed in the Nal(Tl) a pulse of only partial amplitude 
will be produced if the absorption took place in a locally 
foggy region in the crystal due to the attenuation of the 
scintillations produced in that region. Surface scratches 
on the crystal, added to Improve the resolution, produce 
this effect in the response to low energy gamma rays. Due 
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to this effect, one crystal used during the present work 
produced a tail on the photopeak of low energy gamma rays 
which contained more than 10% of the interacting gamma rays. 
The appearance of this tail is in agreement with observa­
tions made by Eldridge and Crowther (66). Because of this 
tail, this crystal was not used in the ICC measurements. 
Instead, the use of another crystal with a highly polished 
surface which had a purely Gaussian shaped photopeak, but 
worse energy resolution, yielded the most accurate results, 
since the data analysis was simplified by its use. 
Including all above effects produces a spectral shape 
somewhat like that shown in Pig. 27. The relative peak 
amplitudes are more or less arbitrary. As the gamma-ray 
energy gets large the photopeak tail and iodine escape peak 
fade into the photopeak, the internally scattered gamma ray 
peak moves up in energy (with the upper limit at 255 keV 
below the photopeak) and amplitude to become the so called 
Compton distribution and the externally scattered gamma ray 
peak moves down in energy to form the backscatter peak at 
255 keV. 
For the geometry and energies used in this work, the 
internally scattered peak was negligible and the photopeak 
to total ratio was about 0.95. This large ratio was due 
to the use of a well-type crystal with a minimum of exter­
nal materials located around the source and due to the 
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Pig, 27. Theoretical pulse height spectrum expected from a Nal(Tl) crystal for a 
low energy gamma ray incident on the crystal 
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highly polished crystal surface of the well walls (an even 
larger ratio was obtained when the beta-particle absorbers 
were taken out of the well). 
C. Versatile Function for Pitting Non-Gaussian Peaks 
Consider a function which starts out (from channel 
zero) with zero amplitude, is then turned on with a step 
function followed by a decrease to a minimum, and finally 
an increase to a maximum where the function is turned off 
again with another step function. By allowing several 
parameters to vary in such a function, the approximate 
shape of the scattered gamma-ray peaks can be produced.. A 
function of this type is 
yi (x)  - a + b(l+K)(x/6)& + b'd+K') (x/(t>* )"^ '  ^ (23) 
(1 + Kexpc)(l +K'expe') 
X > 0 and < & 
where e = and e' = — 
0 X c' 
The variable parameters are a, b, b' , c, c' , d, d' , (j), and 
4)'. 
If a = 0 and << 0, and if 
K = (cd/^)exp(cd/(j)) (and K' = (c'd'/$')exp(c'd'/0*)) (24) 
then, with increasing x to the right, the amplitude of the 
right (left) peak will be b (b') and the peak will be 
located at (ji if cd/# ^  1 (at (ft' if c»d'/0* 3 1). Also, 
approximately, the half width at half maximum of the right 
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(left) peak on the right (left) hand side Is proportional to 
c (c') and its half width at half maximum on the left 
(right) hand side is proportional to (|>/d ((j)*/d'). All of 
these approximations hold best when the peak widths are 
small relative to the respective peak locations, when the 
left and right peaks are well separated, and when the out­
side widths of the peaks are less than about three times 
the respective inside widths. 
With the proper choice of the parameters this function 
can take on many different shapes, besides the shape de­
scribed, such as straight lines, parabolas, exponentials 
etc. Thus, it is a useful function to have in a least 
squares fitting routine. For instance, besides the use 
with scatter peaks, this function was also used to fit the 
bremsstrahlung background in the data (see Pig, l6), 
Also, moderate success has been obtained at fitting scatter 
peaks of high energy (about 1 MeV) gamma rays with this 
function; however, this function does not contain enough 
structure to produce an exact fit at high energies. 
The major problem encountered in this type of data 
analysis was that the set of parameters which would produce 
a good fit was not always unique. This emphasizes the need 
for constraints on the parameters since adding restrictions 
on some of the relative peak locations, widths euid ampli­
tudes will frequently yield a unique fit for the entire 
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spectrum. On the other hand care must be exercised In In­
troducing the constraints. For instance, below say 150 
keV, the non-linearity of the pulse amplitude response of 
Nal(Tl) (36, 37, 38) must be taken into account when re­
stricting the relative peak locations. 
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VII. APPENDIX C: NOTE ON THE ENERGY OP THE 
Agio? ISOMERIC TRANSITION 
A lower limit, which is slightly higher than recently 
reported values, for the energy of the isomeric transition 
in Ag^^^ was accidentally discovered in the following man­
ner during the above investigation, 
Cdl09 decays by electron capture to Ag^®?® (39 sec), 
which proceeds to the ground state of Ag^®? by gamma-ray 
emission (or internal conversion). The energy of this 
transition has reported values of 87,9, 87.7 + 0,2, 87,5 + 
0.8, 87.5 and 89,0 +0,5 keV (67)1, Now K X-rays can only 
be excited in an element by this gamma ray if its energy 
is greater than the K-electron binding energies in that 
element. For Pb (Z = 82) and Bi (Z = 83) the K-shell 
binding energies are 88,015 + 0.010 keV and 90,536 + 0.010 
keV and the average K X-ray energies are 76.7 keV and 78.9 
keV, respectively (29). 
Three overlapping Cd^^^ spectra, recorded with the 
source in the well of the three inch crystal used in Sec. 
III. B., are shown in Pig. 28, These three spectra were 
taken (1) with the source between no foil, (2) between Bi 
foil, and (3) between Pb foil. With no foil the Agio? 
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Pig, 28. singles spectra taken with the source between no foil, between 
Bi foil, and between Pb foil 
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gamma-ray photopeak was centered In about channel 84. With 
the source between-the B1 foil the major effect of the foil 
was merely to attenuate this photopeak. However, with the 
source between the Pb foil the photopeak was not only 
attenuated but another peak was also Introduced at abouc 77 
keV. This additional peak could not be due to Compton 
scattering, since the peak was not present when the B1 foil 
was used. Thus, the peak must be due to the Pb K X-rays 
excited in the Pb foil. Furthermore, the gamma-ray 
energy must be between 88,015 ± 0,010 keV and 90.536 + 
0.010 keV since the Pb K X-rays were excited but the B1 K 
X-rays were not excited. 
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